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Abstract

Previously referred to as “cheese molars”, “dysmineralised permanent first
molars”, “idiopathic hypomineralisation” and “non-fluoride hypomineralisation”, the
term “Molar Incisor Hypomineralisation” (MIH) was first introduced by Weerheijm and
colleagues in 2001 to describe the characteristic clinical appearance of demarcated
opacities, altered translucency, and qualitative defects within dental enamel. A
developmental dental defect of systemic origin, MIH invariably affects one to four first
permanent molars with or without involvement of the permanent incisors. With global
prevalence rates ranging from 0.48% to 40.2%, it is a common condition that affects
approximately one in six children in New Zealand.

Despite extensive research efforts, the aetiology and clinical management of MIH
remain indeterminate. As MIH-affected teeth have compromised chemomechanical
properties, restorative treatment outcomes are often unpredictable, thus requiring
multiple re-interventions over the years. The debilitating sequalae and negative impact
of MIH on children have been well documented in the literature; therefore, the
overarching drive of this research is to alleviate the healthcare burden of MIH on affected
individuals.

The first study (Chapter 3) was an in vitro experiment that investigated the effect
of a pretreatment protocol involving the concurrent use of a papain-based deproteinising
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agent (Papacarie DuoÒ gel) and a contemporary universal dental adhesive resin (3M
ESPE ScotchbondTM Universal Adhesive) on the microshear bond strength of resin
composite to hypomineralised enamel. The three primary hypotheses tested were: (1)
there would be a difference in bond strength between normal enamel and
hypomineralised enamel, (2) deproteinising pretreatment with Papacarie DuoÒ gel would
increase the bond strength to resin composite, and (3) there would be a difference in bond
strength between etch-and-rinse mode and self-etch mode of ScotchbondTM Universal
Adhesive.

After assessing and confirming the eligibility of each participant, extracted first
permanent molars with a known clinical diagnosis of MIH were collected from Paediatric
dental specialists across New Zealand over a 13-month period. Upon receipt, the teeth
were cleaned, stored, sectioned and prepared in accordance with the approved research
methodology. A total of 88 clinically sound “normal” enamel specimens, and 96
hypomineralised enamel (48 creamy/white, 48 yellow/brown) specimens were included
in both studies. Following the MIH judgment criteria (EAPD 2003), two independent
examiners visually inspected and identified the specimens, which were subsequently
randomised and allocated into one of the eight experimental groups.

The results supported both hypotheses and established the conclusive facts that
the application of ScotchbondTM Universal Adhesive in etch-and-rinse mode and the
pretreatment of hypomineralised enamel with Papacarie DuoÒ gel led to a marked
increase in microshear bond strength values. Analysis of failure modes under scanning
electron microscope further reaffirmed the research findings.
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The second study (Chapter 4) was another in vitro experiment which evaluated
the surface morphology and nanotopography of 8 representative normal enamel and 16
hypomineralised enamel (8 creamy/white, 8 yellow/brown) specimens. Following the
protocol of their respective experimental groups, the enamel specimens were pretreated
with different etching modes (i.e., etch-and-rinse or self-etch) of 3M ESPE
ScotchbondTM Universal Adhesive and/or Papacarie DueÒ gel. The investigation
involved the quantitative measurement of surface roughness using atomic force
microscopy as well as the qualitative examination of enamel surface aberrations under
scanning electron microscopy. The two hypotheses tested were (1) deproteinising
pretreatment using Papacarie DueÒ gel would lead to qualitative and quantitative changes
on the enamel surfaces of all substrates, and (2) there would be morphological and
topographic differences between phosphoric acid etching and ScotchbondTM Universal
Adhesive when applied in SE mode.

In spite of limited data, the results supported the hypothesis. Yellow/brown
hypomineralised enamel recorded higher surface roughness values than their normal
enamel and creamy/white hypomineralised enamel counterparts due to microscopic posteruptive breakdown of enamel that was not readily discernible. In addition, the
deproteinisation of hypomineralised enamel with Papacarie DuoÒ gel followed by acid
etching with 37% phosphoric acid produced uniform etching patterns that were
comparable to those of normal enamel.

Consolidating the findings from these two studies, it is evident that Papacarie
DuoÒ gel and acid etching (i.e., etch-and-rinse mode) are two independent factors that
have a profound effect on the in vitro bonding efficacy of hypomineralised enamel to
iv

resin-based universal dental adhesives. Although further investigations are warranted, it
is expected that the integration of these dental materials into the clinical management of
MIH will lead to favourable treatment outcomes. This is in line with the overriding
purpose of the research project – to determine a pretreatment protocol that has the
potential to reduce the likelihood of traumatic dental experiences and ultimately, improve
the quality of life of affected children and families.
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Preface

This thesis is a written documentation of the in vitro experiments investigating
the effect of pretreatment with Papacarie DuoÒ gel and different etching modes of 3M
ESPE ScotchbondTM Universal Adhesive on hypomineralised enamel. It is divided into
two papers, Paper I and Paper II, and consists of the following five chapters:
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Statement of the problem, aims and objectives

Chapter 2

Review of the literature
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Paper I titled Bonding universal dental adhesive to developmentally
hypomineralised enamel
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Paper II titled Scanning electron microscopic and atomic force
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xxiv

Chapter 1

Bonding Universal Dental Adhesive to
Developmentally Hypomineralised Enamel

Statement of the Problem

1

1.1 Statement of the Problem
Since 2001, the term Molar Incisor Hypomineralisation (MIH) has
promulgated in literature to describe the characteristic clinical appearance of demarcated
enamel opacities, altered translucency, and qualitative defects within dental enamel [1,
2]. This developmental dental defect of systemic origin primarily affects one or more
first permanent molars (FPMs) with or without involvement of permanent incisors [2, 3].
Depending on the degree of porosity and severity of hypomineralisation, MIH-affected
teeth can rapidly disintegrate and undergo post-eruptive breakdown (PEB) when
subjected to masticatory and parafunctional forces [3]. This is alarming as past analytical
studies have demonstrated that the maximum occlusal loading forces on FPMs may range
from 60 to 230 N, depending on the age and gender [4, 5]. This finding is superimposed
with the observation that 60% of hypomineralised FPMs present with yellow/brown
demarcated opacities, of which two out of three are estimated to have experienced PEB
[6]. With the second highest pooled prevalence of 16.3% (95% CI: 12.6–20.0) reported
in New Zealand, it is of utmost importance that MIH treatment modalities have good
predictability and favourable long-term outcomes [7-9].

The clinical management of MIH is challenging for patients, caregivers and
dental practitioners. Indirect restorations (e.g., full coverage cast onlays or crowns),
stainless steel crowns, or planned extractions are often the preferred treatment options
for MIH-affected FPMs especially when there is extensive loss of coronal tooth structure;
however, in the presence of small defects, the restorative procedure is complicated by the
inherent limitations in the quality of hypomineralised enamel [10-13]. Various studies
2

have demonstrated that adhesion to hypomineralised enamel is possible but with varying
degrees of success [14, 15]. Even after prolonged phosphoric acid etching, a significant
amount of proteins remains in hypomineralised enamel, which consequently leads to
poor resin penetration and inadequate microtag formation [16, 17].

The paucity of literature on adhesive bonding to hypomineralised enamel further
convolutes conventional operative philosophy. Due to the lack of general consensus
regarding the placement of cavity margins, two empirical restorative approaches have
been suggested: (1) complete removal of defective enamel, and (2) removal of porous
enamel until significant bur resistance is met [10, 11, 18]. Although the first approach is
widely advocated as it allows satisfactory bonding to normal enamel, it inevitably results
in excessive destruction of tooth structure [10, 11, 18]. In an attempt to counteract these
problems, there are few recent studies that have explored some pretreatment protocols.
The authors investigated the effect of pretreatment deproteinisation using 5–5.25%
sodium hypochlorite (NaOCl) or papain-based Papacarie DuoÒ gel (Formula & Acao,
Brazil) on hypomineralised enamel [18-20]. The in vitro studies have shown promising
results, with reported bond strength values comparable with those of normal enamel [19,
20].

The efficacy of 5–5.25% NaOCl as a deproteinising agent has been verified;
however, Papacarie DuoÒ gel has comparatively superior advantages [19]. It can be
challenging to store NaOCl in appropriate conditions as it rapidly decomposes when
exposed to air and sunlight, thus rendering it inactive [21]. It is also a potent oxidising
agent, which can lead to potential complications, such as skin irritations or burns, damage
to the oral mucosa, and injury to the eyes [21]. Extra precautions and preventive measures
3

(e.g., dental dam) are required to minimise the risk of harm, which may prove to be
difficult especially in young children. The use of NaOCl in hypomineralised young
permanent molars with deep caries secondary to PEB may also trigger an undesirable
inflammatory effect on the vital pulp [21]. On the contrary, Papacarie DuoÒ gel is a
natural enzymatic agent that allows atraumatic chemomechanical removal of caries and
effective deproteinisation of hypomineralised enamel without the associated risks and
complications [22].

Despite the revolutionary development of universal dental adhesives over the past
decade, only one published study has investigated the bonding efficacy of ScotchbondTM
Universal Adhesive (3M ESPE, St. Paul, MN, USA) on hypomineralised enamel
substrates without deproteinisation [16]. Extrapolating current understanding of MIH to
clinical practice, it is clear that there is insufficient data to conclusively introduce a set
of management guidelines that can predictably restore MIH-affected teeth [12, 23].

The present study aims to (1) investigate the effect of pretreatment with Papacarie
DuoÒ gel on the microshear bond strength of resin composite to developmentally
hypomineralised enamel when using ScotchbondTM Universal Adhesive in either etchand-rinse (E&R) mode or self-etch (SE) mode, and (2) evaluate the surface morphology
and nanotopography of normal enamel and hypomineralised enamel when subjected to
various pretreatment protocols, using scanning electron microscopy (SEM) and atomic
force microscopy (AFM), respectively. ScotchbondTM Universal Adhesive is the material
of choice because it was the first universal dental adhesive to be introduced to the dental
market, and it is one of the most commonly investigated universal adhesive systems in
the scientific literature.
4

Chapter 2

Bonding Universal Dental Adhesive to
Developmentally Hypomineralised Enamel

Review of the Literature

5

2.1 Dental Enamel
Dental enamel is a unique and resilient hard tissue of ectodermal origin,
comprising approximately 96 wt. % inorganic mineral, 3 wt.% water and 1 wt. % organic
matrix [14, 24, 25]. Amelogenesis begins during the advanced bell stage of tooth
development after the formation of the first dentine layer [24]. The process involves
ameloblasts, which are a group of highly specialized calcium-transporting cells
differentiated from the inner enamel epithelium, and their life cycle can be divided into
three representative stages: secretory, transitional (initial calcification) and maturation
[26].

In the secretory phase, a protein-rich enamel matrix with approximately 80-90
vol.% protein and water is laid down, and the mineral in immature enamel is in the initial
configuration of carbonated apatite [26]. Through a sequence of maturation events, the
resulting enamel becomes a highly mineralised and well-organised framework,
constituting predominantly hydroxyapatite crystals [26]. These structural properties of
enamel give rise to its characteristic hardness and inherent ability to withstand dynamic
masticatory forces and other insults within the oral environment [14].

Unlike other tissues in the human body, dental enamel does not undergo
regeneration or remodelling upon the completion of tooth development [14, 24, 27]. The
lack of metabolic activity means that disturbances or alterations during any one of the
maturation processes (i.e., matrix production, matrix secretion, matrix arrangement,
crystal deposition or matrix degradation) may manifest as permanent defects in the
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mature enamel [14, 24, 27, 28]. This aligns with the fact that ameloblasts are extremely
sensitive to environmental disturbances [28].

An inadvertent disruption to amelogenesis during the matrix secretion phase
causes insufficient elongation of the crystals, thus resulting in macroscopic quantitative
defects defined as “enamel hypoplasia” [24, 28]. In stark contrast, an interruption to
either the calcification or maturation stage leads to qualitative defects termed “enamel
hypomineralisation” [24, 28]. Contingent on the degree of severity, both types of
developmental enamel defect may substantially undermine the overall structural integrity
of the affected tooth [19, 20, 29].
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2.2 Definition and Clinical Appearance of MIH
The term Molar Incisor Hypomineralization (MIH) was first introduced by
Weerheijm and colleagues in 2001 to describe the clinical appearance of demarcated
opacities, altered translucency and qualitative defects within enamel [1]. The
phenomenon invariably affects one or more first permanent molars (FPMs) with or
without involvement of the permanent incisors, and the opacities are commonly limited
to the incisal or occlusal half of the coronal structure [10, 19, 30].

Similar hypomineralised enamel aberrations may also occur in primary canines
(HPC), second primary molars (HSPM), second permanent molars, and the cuspal tips
of permanent canines [31-34]. In fact, the presence of HSPM and/or HPC is a significant
clinical factor that prognosticates the presence of MIH [31-33]. In a recent systematic
review and meta-analysis of five eligible cross-sectional and cohort studies, the weighted
mean prevalence of concomitantly occurring HSPM and MIH was found to be 19.94%,
suggesting that children diagnosed with HSPM are five times more likely to have MIH
[32]. A cross-sectional epidemiological study, which examined 408 Brazilian children
aged 6 to 11 years, further reported a significant relationship between MIH and HPC [31].
With an odds ratio of 6.02 (p < 0.05), it is estimated that children with HPC have a 6fold increased risk of developing MIH [31].

Although the distribution and clinical characterisation of MIH are often
asymmetrical in the mouth, the colour of the demarcated enamel opacities is consistently
deemed predictive of the risk for post-eruptive breakdown (PEB); therefore, it is
frequently used to determine the degree of porosity and the severity of MIH [2, 35]. A
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mild and less porous form of the condition often presents with creamy/white opacities,
whilst a severe and more porous form generally manifests as yellow/brown opacities that
may have undergone extensive PEB and/or pre-existing atypical restorative patterns [2,
6, 35, 36]. In addition, the absence of one or more FPMs particularly in an otherwise
sound dentition, should prompt further investigation as they may have been extracted due
to MIH [2, 6].

Based on an observational study by Oliver and colleagues, maxillary permanent
central incisors have been found to be the most commonly affected anterior teeth, of
which 60.4% exhibit demarcated white opacities on smooth surfaces [6]. On the contrary,
hypomineralised FPMs are likely to have demarcated yellow/brown opacities (60%), and
changes in enamel translucency are often located at the cuspal third of the tooth structure
(74%) [6]. It is also reported that approximately two in three FPMs with moderate to
severe enamel hypomineralisation have undergone PEB [6].

Investigators of a prospective observational study on 101 British children aged
6–15 year have recently reported a potential association between MIH and congenital
dental anomalies [37]. Examining panoramic radiographs and gathering information
from clinical records, approximately 29% of children affected by MIH are found to have
an associated dental anomaly [37]. Hypodontia appears to be the most frequently cooccurring dental condition, with a prevalence of 12% and a proclivity for mandibular
second premolars [37]. This is followed by infraocclusion of one or more primary molars
(9%), aberrant tooth morphology (9%) e.g., abnormal crown or root formations,
diminutive maxillary lateral incisors and macrodontia, as well as ectopic eruption of
maxillary FPMs (8%) that have resulted in either premature loss or distal resorption of
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the adjacent second primary molar [37]. Although the extrapolation of data to clinical
practice is heavily limited by the small sample size of the study, the findings are novel
and can be interpreted meaningfully within the parameters of Paediatric Dentistry. This
has implications for treatment planning in MIH.

Clearly, MIH is a developmental dental defect represented by a broad spectrum
of clinical phenotypes across various population groups. The ability to recognise the
multifarious characteristics of MIH is fundamental to early diagnosis and effective
delivery of comprehensive care. The timely dissemination of anticipatory guidance to atrisk children and families will also allow the integration of an early preventive regimen
that may minimise or control tooth tissue damage and the resultant hypersensitivity.
Delayed management of MIH-affected teeth has ramifications on affected children,
including reduced quality of life, inability to maintain optimal oral hygiene, and the
aversion of cold intakes [3, 10].
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2.3 Prevalence of MIH
At present, there is insufficient data on the prevalence of MIH due to the paucity
of longitudinal studies with large sample sizes, the lack of homogeneity and calibration
of assessment tools, and the use of different diagnostic criteria and indices [10, 38, 39].
As summarised in Table 2–1, there is a vast array of published data on the estimated
prevalence of MIH in different countries – all with different sample sizes, inconsistent
age ranges of participants, and conflicting and/or crude examination methods, and
unaccounted confounding factors. Despite the pervasiveness of the condition, there are
no prevalence studies from North America and a large part of Southeast Asia [7, 38].
These studies were identified following a literature search of the electronic databases
PubMed, Scopus, and Web of Science, using the keywords Molar Incisor
Hypomineralisation OR MIH OR hypomineralisation OR hypomineralised enamel AND
prevalence OR epidemiology.

In a recent systematic review and meta-analysis of 70 eligible population studies,
the global prevalence rates of MIH vary from 0.5% to 40.2%, and the pooled prevalence
of MIH is estimated to be 14.2% worldwide [7]. The majority of the included studies
have confirmed an absence of arch/quadrant predisposition and gender predilection for
the development of MIH [7]. However, geographical differences have been observed,
with South America recording the highest pooled prevalence of 18.0% (95% CI: 13.8–
22.2) [7]. Based on two New Zealand population studies, it is further deduced that
Oceania has the second highest pooled prevalence of 16.3% (95% CI: 12.6–20.0),
followed by Europe (14.3%, 95% CI: 12.2–16.3), Asia (13.0%, 95% CI: 10.5–15.5), and
Africa (10.9%, 95% CI: 4.2–17.6) [7-9].
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Even though a considerable number of eligible studies were included in the metaanalysis, the authors acknowledged that there were limitations to the paper [7].
Significant heterogeneity has been detected due to the sample sizes, and further analysis
of the asymmetrical funnel plot suggests publication bias as a result of language
restriction [7]. Nevertheless, the results highlight the commonality of MIH on a global
scale, providing important information that will help drive public oral health policies,
community outreach strategies and education models [6, 7].
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Table 2–1. Chronological summary of published studies on the prevalence of MIH in different countries.
Authors

Year

Country

Sample size Age range (years)

Examination methods

Prevalence

Koch et al. [40]

1987

Sweden

2252

Children born in 1966,
1969, 1971 – 72, 1974

At schools, using portable light,
wet teeth

15.4%

Alaluusua et al. [41]

1996

Finland

102

6–7

Not reported

16.7%

Jalevik et al. [42]

2001

Sweden

516

7–8

At schools, using lamp, wet teeth

18.4%

Leppaniemi et al. [43]

2001

Finland

488

7 – 13

In dental chair, using dental light,
wet teeth

19.3%

Weerheijm et al. [44]

2001

The
Netherlands

497

11

At schools

9.7%

Zagdwon et al. [45]

2002

United
Kingdom

307

7

At schools

14.5%

Dietrich et al. [46]

2003

Germany

2408

10 – 17

At schools, using lamp, wet teeth

5.6%

Calderara et al. [47]

2005

Italy

227

7–8

At schools, wet teeth

13.7%

Fteita et al. [48]

2006

Libya

378

7 – 8.9

At schools, using portable light,
dry teeth

2.9%

Pasareanu et al. [49]

2006

Romania

681

8 – 11

Wet teeth

14.5%

Jasulaityte et al. [50]

2007

Lithuania

1277

7–9

At schools, using lamp, wet teeth

9.7%
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Muratbegovic et al. [51]

2007

Bosnia &
Herzegovina

560

12

Not reported

12.3%

Preusser et al. [52]

2007

Germany

1022

6 – 12

At schools, using lamp, wet teeth

5.9%

Arrow [53]

2008

Australia

511

Children born in 1999,
2000

Using dental light, dry teeth

22.0%

Cho et al. [54]

2008

Hong Kong,
China

2635

11 – 14

In dental clinics

2.8%

Kemoli [55]

2008

Kenya

3591

6–8

At schools, natural light and
portable torch occasionally

13.7%

Kukleva et al. [56]

2008

Bulgaria

2960

7 – 14

Using lamp, wet teeth

3.6%

Kuscu et al. [57]

2008

Turkey

147

7–9

Using dental light, dry teeth

14.9%

Lygidakis et al. [58]

2008

Greece

3518

5.5 – 12

In dental chair, using dental light

10.2%

Wogelius et al. [59]

2008

Denmark

745

6–8

In dental clinics

37.3 – 48.4%

Mahoney & Morrison [8]

2009

New Zealand

522

7 – 10

At schools

14.9%

Soviero et al. [60]

2009

Brazil

249

7 – 13

At schools, using lamp, wet teeth

40.2%

Da Costa-Silva et al. [61]

2010

Brazil

918

6 – 12

At schools

19.8%

Biondi et al. [62]

2011

Argentina

1098

11

In dental clinics, dry teeth

15.9%

Ghanim et al. [63]

2011

Iraq

823

7–9

At schools, using portable light

18.6%
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Mahoney & Morrison [9]

2011

New Zealand

235

7 – 10

At schools

18.8%

Zawaideh et al. [64]

2011

Jordan

3241

7–9

At schools, using portable torch,
dry teeth

17.6%

Ahmadi et al. [65]

2012

Iran

433

7–9

At schools, using head light

12.7%

Balmer et al. [66]

2012

United
Kingdom

3233

12

At schools, using lamp

15.9%

Condò et al. [67]

2012

Italy

1500

4 – 14

Not reported

7.3%

Li & Li [68]

2012

China

988

12

At schools

25.5%

Martinez Gomez et al. [69] 2012

Spain

505

6 – 14

Using dental light, wet teeth

17.8%

Parikh et al. [70]

2012

India

1366

8 – 12

At schools, using day light

9.2%

Ng et al. [71]

2014

Singapore

1083

Children born in 2003

In dental clinics

12.5%

Petrou et al. [72]

2014

Germany

2395

7 – 10

At schools, using portable light

10.1%

Pitiphat et al. [73]

2014

Thailand

484

6–7

At schools, using natural light

20%

Saitoh et al. [74]

2018

Japan

4485

7–9

In dental clinics or university
hospitals

19.8%

Rai et al. [75]

2019

India

1600

9 – 12

Wet teeth

13.1%
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2.4 Aetiology of MIH
In spite of considerable efforts to unravel and understand the aetiology of MIH,
it remains a conundrum [23, 28, 76]. Akin to MIH prevalence studies, published literature
on the underlying contributory factors of MIH largely adopt different diagnostic criteria,
employ nonhomogeneous examination methods, and have inconsistent outcome
measures. [23, 27, 77]. This consequently leads to inconclusive findings, thus rendering
the strength and quality of evidence as weak and poor [23, 27, 77].

It is postulated that MIH has a multifactorial pathogenesis with a potential genetic
susceptibility [24, 78, 79]. Various putative factors implicated in the development of
MIH have been identified, including: (1) pre-, peri-, and post-natal problems e.g.,
hypoxia, hypocalcaemia, vitamin D deficiency, maternal illness, psychological stress,
caesarean delivery, premature birth and low birth weight; (2) common childhood
illnesses e.g., pyrexia or respiratory diseases; (3) administration of antibiotics; (4)
compromised immune system e.g., chronic systemic disease or medical condition; and
(5) exposure to environmental contaminants e.g., polychlorinated biphenyls (PCBs) and
polychlorinated dibenzo-p-dioxins or dibenzofurans (dioxins) [10, 23, 27, 28, 77, 80, 81].
For an environmental disturbance to exert a deleterious effect on first permanent molars,
the event is hypothesised to have occurred between the time of birth and 3 years of age,
by which the late maturation stage of amelogenesis would have been completed [82].

In recent years, there is a growing body of evidence that have unveiled a positive
association between prenatal maternal vitamin D intake and developmental dental defects
in offspring [80, 83]. This is based on the observation that the serum concentration level
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of 25-hydroxyvitamin D [25(OH)D], which is a diagnostic biomarker for overall vitamin
D status (via endogenous synthesis and dietary intake), has an influence on the formation
of teeth [83]. Vitamin D is a crucial fat-soluble secosteroid that stimulates the
mineralisation of dental enamel by binding to vitamin D receptors (VDRs) expressed in
ameloblasts and odontoblasts [78]. Although genetic polymorphisms in VDR are not
associated with the development of MIH, it is found that children with at least one G
allele in the VDR rs739837 polymorphism are more likely to present with severe
phenotypes of MIH with permanent incisors and FPMs are affected [78].

As part of the Danish COPSAC2010 birth cohort study, Norrisgaard and colleagues
conducted a randomised clinical trial with 6-year follow-up investigating dental enamel
defects [80]. The results showed that prenatal high-dose vitamin D supplementation of
2400 IU/day (as compared to the standard care of 400 IU/day) from gestational week 24
to one week post-partum led to a significantly lower risk of developing hypomineralised
enamel on both primary and permanent molars, with approximately 50% reduced odds
in children aged 6 years [80]. The effects of different vitamin D regimens and the
recommended therapeutic dosage to optimise general health benefits are yet to be
determined; however, there is moderate evidence to suggest that prenatal
supplementation of vitamin D greater than 600 IU/day will not only reduce the risk of
pregnancy complications, including gestational diabetes and preterm birth, but also
mitigate the possibility of developmental dental defects [84, 85].

There appears to be many presumptive causative factors attributed to the
pathogenesis of MIH. It is imperative that the literature is interpreted with caution as
published reports are predominantly observational studies with non-standardised study
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protocols [78]. Well-designed prospective cohort studies that control confounding effects,
epigenetic and genetic studies, as well as dose–response experiments, are required to
investigate the molecular mechanisms responsible for the development of MIH [23].
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2.5 Properties of MIH
To comprehend the pathogenesis of MIH and to further predict its clinical
behaviour, it is essential to understand the differential structure and properties of MIHaffected enamel. Previous studies have reported a statistically significant decrease of 19–
20% in the mineral density of hypomineralised enamel, and an average mineral content
of 59 vol.% in comparison with that of 86 vol.% in normal enamel [24, 86]. In fact, the
highest mineral density of hypomineralised enamel is found toward the dentinoenamel
junction (DEJ) [24].

Moreover, it has been shown that hypomineralised enamel exhibits mechanical
properties resembling dentine. With an estimated reduction of 50–75% in microhardness
and elastic modulus values, hypomineralised enamel has a much lower resistance to wear
and is inclined to flex under occlusal loading [14, 82]. Significantly less mineralised
prism sheaths, as well as undermined mechanical and structural properties in the
transitional area immediately adjacent to the demarcated margins or borders of
hypomineralised enamel defects have also been reported [14, 24, 82, 87].

Similarly, the chemical properties of hypomineralised enamel are vastly different
from those of normal enamel. Decreased concentrations of calcium and phosphorus, and
a significant rise in carbon and carbonate contents have been unequivocally reported [24,
88]. Compared to normal enamel, hypomineralised enamel with demarcated brown
opacities has demonstrated a 15–21-fold increase in protein content whereas yellow and
chalky enamel shows an 8-fold increase [89]. Large quantities of serum albumin, serine
proteinase inhibitors (serpins) i.e., alpha-1-antitrypsin, and antithrombin have been
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identified [89]. These proteins inhibit enamel serine protease kallikrein 4 (KLK4),
thereby impairing KLK4 proteolytic activity. This mutation inevitably impedes with the
resorption of organic matrix, deposition of crystals, and mineralisation of enamel [89].

Unlike ameloblasts, the function of odontoblasts is not affected in MIH. However,
an in vitro study investigating the chemical composition and morphology of dentine
beneath hypomineralised enamel reported an increased presence of interglobular dentine
[90]. Interglobular dentine is a mineralisation defect that surfaces when small globular
areas of mineralised dentine fail to coalesce, and it is comparatively less mineralised than
globular dentine [26]. Microscopic observation of hypomineralised FPMs with PEB and
secondary caries further showed the deposition of reparative dentine in the pulp chamber
[90]. This suggests there is an underlying pulpal response potentially associated with the
increased diffusion of acids and other noxious stimuli through the highly porous MIHaffected enamel [90].
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2.6 Challenges in the Management of MIH
The management of MIH is challenging for patients, caregivers and dentists.
Post-eruptive breakdown, hypersensitivity and their cumulative impact on quality of life;
combined with restorative and therapeutic outcomes with poor predictability, dental fear,
difficulty in achieving profound anaesthesia, as well as the high probability for multiple
dental re-interventions are some of the many crucial factors to consider when tailoring a
personalised treatment plan for the affected child [3, 10, 24]. It has been reported that by
the age of 9 years, children with severe MIH are approximately ten times more likely to
have received dental treatment on one or more of their FPMs than their non-affected
peers [91]. In addition, every affected tooth has been treated twice on average [91].

Various studies have demonstrated that bonding dental restorations to MIHaffected enamel is attainable but with varying degrees of success, which may partly
explain the repeated interventions [14, 15]. Even after prolonged phosphoric acid etching
for 20–60 seconds, qualitative analysis of hypomineralised enamel under scanning
electron microscope (SEM) shows poor demineralisation, interprismatic spaces and
minimal intercrystal porosity within the enamel prisms [16, 17]. Abnormal etching
patterns as such will lead to inadequate formation of resin microtags [19, 20, 29]. The
enamel-adhesive interface of defective hypomineralised enamel is also typically porous
with evident crack propagations, exhibiting greater prevalence of cohesive or mixed
failure modes when subjected to tensile or shear stress [15, 16, 19, 20, 29]. The
microshear and microtensile bond strengths of resin composite to hypomineralised
enamel have been further shown to significantly decrease by 25–60% [19, 20, 29].
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2.7 Deproteinisation of Hypomineralised Enamel
In an attempt to address these bonding constraints, the integration of a specific
protocol to facilitate the removal of intrinsic proteins encasing the hydroxyapatite before
adhesive application has been suggested [11, 15]. In recent years, several studies have
investigated the effect of various pretreatment deproteinizing agents, including sodium
hypochlorite (NaOCl) and Papacarie DuoÒ gel, on normal enamel and hypomineralised
enamel substrates with promising results [19, 92-94].

In particular, pretreatment with Papacarie DuoÒ gel has been associated with
relatively superior bond strength [19, 92-94]. It is an enzymatic-based agent initially
introduced as a progressive technique for minimally invasive caries removal [22, 95]. It
comprises a complex mixture of papain, chloramine, toluidine blue, preservatives, salts,
stabilizers, thickener and deionized water [22, 92, 96].

Despite containing a small amount of chloramine, the main action of Papacarie
DuoÒ gel is due to the presence of papain, which is an enzyme of the cysteine proteinase
group extracted from the latex of green adult papaya fruits (Carica papaya, member of
the Caricaceae family) that are cultivated in tropical regions, such as Brazil, India,
Indonesia, and Mexico [19, 22, 92, 96]. The precise mechanism of action of this enzymebased agent has yet to be fully elucidated; however, papain has demonstrated antiinflammatory properties as well as bacteriostatic and bactericidal activities [22, 95, 97].
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Although positive results have been successfully obtained from MIH studies
using 5% NaOCl for pretreatment deproteinisation, Papacarie DuoÒ gel has
comparatively superior advantages [19, 20]. It can be challenging to store NaOCl in
appropriate conditions as it rapidly decomposes when exposed to air and sunlight, thus
rendering it inactive [21]. It is also a potent oxidising agent, giving rise to potential
complications in the event of an accidental spillage, such as skin irritations or burns,
damage to the oral mucosa, and injury to the eyes [21]. Extra precautions and preventive
measures (e.g., dental dam) are required to minimise the risk of harm, which may prove
to be difficult especially in young children who have yet to develop cognitivebehavioural skills to cope with more complex treatment procedures. The use of NaOCl
in hypomineralised young permanent molars with deep caries secondary to PEB may
also trigger an undesirable inflammatory effect on the vital pulp [21]. In contrast,
Papacarie DuoÒ gel facilitates atraumatic chemomechanical removal of caries and
effective deproteinisation of hypomineralised enamel without the associated risks and
complications [19, 22, 95].

Beyond the context of MIH, the favourable handling properties (i.e., consistency
and viscosity) of Papacarie DuoÒ gel are postulated to play a pivotal role in allowing
sufficient intraprismatic/interprismatic and intratubular diffusion into enamel and
dentinal tubules, respectively [22, 97]. It has demonstrated the capacity to decrease
residual cariogenic bacterial load in dentine while preserving the integrity of type I
collagen and maintaining the mineral density of dentine [22, 96, 97]. These studies
reported no significant differences in the concentrations of Ca and P as well as Ca/P ratio
when comparing control groups with Papacarie DuoÒ gel test groups. [22, 96, 97].
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Few randomised clinical trials have further affirmed Papacarie DuoÒ gel as a costeffective material that is able to allay treatment-associated pain in children (e.g., during
the excavation of caries) [98, 99]. This will be beneficial in the management of MIH as
hypomineralised teeth are typically hypersensitive due to chronic stress on and ongoing
inflammatory response within the pulp [100]. Most importantly, Papacarie DuoÒ gel has
consistently produced promising experimental outcomes, including: (1) favourable
microshear/microtensile bond strengths of resin composite to both dental enamel and
dentine, (2) excellent deproteinisation of dental enamel, (3) complete removal of smear
layer, thereby achieving satisfactory patency of dentinal tubules, and (4) a significant
improvement in the sealing performance of self-etch adhesives to the enamel and dentinal
cavity walls [22, 101-103].

To date, only one published in vitro study has investigated the effect of
pretreatment with Papacarie DuoÒ gel on the microshear bond strength of resin composite
to hypomineralised enamel [19]. The results showed Papacarie DuoÒ gel was an
efficacious proteolytic agent that allowed more uniform etching patterns and attained
higher bond strength than non-deproteinised hypomineralised enamel specimens [19].
With the introduction of newer enzymatic deproteinising agents, such as papain-based
Carie-Care (Uni-Biotech Pharmaceuticals Pvt. Ltd., Chennai, India) and bromelain, it
would be valuable to further investigate and compare their proteolytic effect on
hypomineralised enamel with that of Papacarie DuoÒ gel [101, 102].
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2.8 Universal Dental Adhesive Systems
Over the past decade, there has also been a paradigm shift in the field of adhesive
dentistry. The development of new dental adhesive systems have challenged
conventional principles and techniques of restorative dentistry [104]. Introduced into the
market since 2011, universal adhesive systems are one of the contemporary novelties
have been constantly catapulted into the limelight of research.

Adopting the “all-in-one” concept, these products are frequently designated as
“multi-mode” or “multi-purpose” because they can be used in three different etching
modes when bonding to tooth structure: self-etch (SE), total etch-and-rinse (E&R), or
selective enamel etch [104-106]. The overall ability to achieve good and stable interface
adhesion is dependent on four key determinants: (1) clean surfaces of tooth substrate
without residual contaminants, (2) optimal surface wettability, (3) adequate infiltration
and diffusion of resin monomers within dental enamel and dentine, and (4) sufficient
resin polymerisation [107, 108].

Published studies on the dental adhesion of various universal adhesive systems
when used in different etching modes and application methods (i.e., passive and
active/agitating) have shown mixed results [108, 109]. Nevertheless, it is recommended
to pre-etch dental enamel with phosphoric acid as it leads to superior microshear and
microtensile bond strengths, longer bond durability, as well as a lower rate of marginal
degradation of resin composite restorations [109-113]. This is further supported by an in
vitro experiment in which the authors have reported an increase in total surface free
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energy measurements when bovine enamel specimens are subjected to acid etching prior
to the use of universal dental adhesives [114].

In addition, a laboratory study has demonstrated an improvement in etching
ability and a marked increase in microshear bond strength to normal enamel when
universal dental adhesives in self-etch mode are applied with vigorous agitation [115].
This suggests that active application can successfully initiate chemical reactions between
hydroxyapatite and functional monomers present in universal dental adhesives, thereby
enhancing the cohesive strength of the adhesive interface layer [104, 108, 115].

Contrary to the older generation of dental adhesive systems, the composition of
universal adhesives is unique [104, 108]. This is predominantly due to the inclusion of
acidic hydrophilic monomers, such as specific carboxylate and/or phosphate monomers
e.g., 10-methacryloyloxydecyl dihydrogen phosphate (MDP) that act as primers while
promoting ionic bonding to calcium found in hydroxyapatite [104]. This leads to the
formation of stable, non-soluble MDP-calcium salts [104]. Moreover, biphenyl
dimethacrylate (BPDM), dipentaerythritol pentaacrylate phosphoric acid ester (PENTA)
and polyalkenoic acid copolymer in universal dental adhesives have been shown to work
synergistically to enhance adhesion to tooth structures [108].

The incorporation of a silane coupling agent has also improved the compatibility
of universal dental adhesives with glass-ceramic materials; therefore, these systems can
be used in conjunction with resin luting cements [106, 116]. The functional versatility of
universal dental adhesives lies in the fact that the matrix of these adhesive systems is
based on an intelligent blend of hydrophilic and hydrophobic monomers [104, 116]. This
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gives rise to a distinct combination of properties which permits universal dental
adhesives to simultaneously bond to both hydrophobic resin-based restorative material
and hydrophilic dental substrate under various surface moisture conditions [104, 106,
116].

Currently, there is a dearth of data on the efficacy and effectiveness of universal
dental adhesives in association with developmental dental defects. Thus far, there has
been only one published paper reporting the microtensile bond strength of resin
composite to hypomineralised enamel using 3M ESPE ScotchbondTM Universal
Adhesive in etch-and-rinse mode without deproteinisation [16]. Although the
methodology of the study lacks group homogeneity and consistency, the authors have
observed significantly lower bond strength values among hypomineralised enamel
specimens when compared with normal enamel groups [16]. The first randomised
clinical trial to investigate the survival rate of resin composite restorations bonded to
hypomineralised FPMs using Ambar Universal APS (FMG, Brazil) has also been
recently published [117]. No significant differences have been noted between E&R mode
and SE mode at 1, 6, and 12 months post-treatment, and both etching modes are
associated with significantly reduced self-reported pain and dental anxiety [117].

Consolidating all current findings on the management of MIH, there is clearly a
colossal research gap that is yet to be addressed [12]. Tables 2–2 and 2–3 encapsulate the
five in vivo studies and five in vitro studies that have investigated the adhesion of resinbased dental materials to MIH-affected enamel. These studies were identified following
a literature search of the electronic databases PubMed, Scopus, and Web of Science,
using the keywords Molar Incisor Hypomineralisation OR MIH OR hypomineralisation
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OR hypomineralised enamel AND adhesion OR bond OR bonding. It is evident that
further research is still required to improve the predictability and longevity of MIH
restorative treatment modalities [23]. Thus, the present research stands as the first study
to investigate the effect of deproteinising pretreatment with Papacarie DuoÒ gel and
universal dental adhesive on developmentally hypomineralised enamel.
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Table 2–2. Descriptive statistics of in vivo studies investigating dental adhesion to hypomineralised enamel.
Authors &
Year

Study Design

Type of Teeth

Sample Size

Study Groups

Resin Material /
Dental Adhesive
System(s) Tested

Results

Lygidakis et al.
(2009) [118]

RCT – prospective,
single-blind, splitmouth

Hypomineralised
FPM with mild
defects/opacities
and without PEB

Initial sample – 108
molars

Group A:

One-StepÒ
(Bisco)

At 48 months:

(54 children with two
contralateral Mx/Md
hypomineralised
FPM)

Etch & bond & fissure
sealant

[2-step E&R]
FissuritÒ (Voco)

Group A: 70.2%
were fully sealed;
29.7% were partly
sealed; none were
lost

[fissure sealant]
Final sample – 94
molars

Group B: 25.5%
were fully sealed,
44.6% were partly
sealed; 29.7% were
lost

Group B:
Etch & fissure sealant

(47 children were
available for final
evaluation after 48
months)

de Souza et al.
(2017) [119]

RCT – prospective,
single-blind

Hypomineralised
FPM with PEB,
secondary caries
and/or atypical
restorations

18 children

Control group:

(6–8 y.o.)

Etch & primer & bond
& RC

41 Mx/Md
hypomineralised
FPM

Adper
Scotchbond
Multi-Purpose
(3M ESPE)
[3-step E&R]

At 18 months:
Control group:
54% of RC
restorations
survived
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Test group:
SE primer & bond &
RC

Clearfil SE Bond
(Kuraray)
[2-step SE]
Filtek XT350 RC
(3M ESPE)

Fragelli et al.
(2017) [120]

RCT – prospective,
single-blind

Sound FPM

21 children

Control group:

(6–7 y.o.)

Etch & fissure sealant

FluroShield
(Dentsply/Caulk)

Test group: 68% of
RC restorations
survived
No significant
difference in
clinical survival
between control
and test groups.

At 18 months:
Control group:
62.6% of sealants
survived

Control group:
16 Mx/Md sound
FPM
Hypomineralised
FPM of varying
severity – white,
yellow and brown
opacities

Test group:

Test group:

Test group:

25 Mx/Md
hypomineralised
FPM

Etch & fissure sealant

72% of sealants
survived
No significant
difference between
control and test
groups – sealants
are effective in
preventing fissure
caries in MIHaffected FPM.
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Sonmez and
Saat (2017) [18]

RCT – prospective,
single-blind

Carious but not
hypomineralised
FPM

30 children

Group 1:

(8–12 y.o.)

Restorative margins in
sound enamel & etch
& bond & RC

Groups 1–3:
95 Mx/Md
hypomineralised
FPM

Hypomineralised
FPM

Group 2:
Restorative margins in
HE, meeting
significant bur
resistance & etch &
bond & RC

FuturabondÒ NR
(VOCO)

Survival rate at 12
months:

[2-step E&R]

No significant
difference across
all groups.

Grandio RC
(VOCO)

Survival rate at 24
months:
Group 1: 81.25%
Group 2: 58.06%

Group 4 (control):

Group 3:

Group 3: 78.12%

31 Mx/Md nonhypomineralised
FPM with caries

Restorative margins in
HE, meeting
significant bur
resistance & etch &
5% NaOCl
deproteinisation &
bond &RC

Group 4 (control):
87.09%

Group 4 (control):
Non-hypomineralised
FPM & etch & bond &
RC

Failures in
anatomic forms,
marginal
adaptation, and
marginal
discolouration –
significant increase
in Group 2 after 12
months; Groups 1
and 3 after 18
months.
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Rolim et al.
(2020) [117]

RCT – prospective,
double-blind

Hypomineralised
FPM requiring
restorative
treatment

35 children

Group E&R:

(7–16 y.o.)

Restorative margins in
HE, meeting bur
resistance & etch &
UA & RC

Group E&R:
(Excluded when
absolute isolation
could not be
achieved)

33 Mx/Md
hypomineralised
FPM

Universal Amber
APS
(FGM)
[UA]
Tetric-N-Ceram
Bulk Fill RC
(Ivoclar
Vivadent)

Survival rate at 6
months:
Group E&R: 90.5%
Group SE: 80.6%
Survival rate at 12
months:
Group E&R: 80.8%
Group SE: 62.3%

Group SE:

Group SE:

E&R vs. SE:

31 Mx/Md
hypomineralised
FPM

Restorative margins in
HE, meeting bur
resistance & UA & RC

Difference in
survival rates was
not significant.
Reduced dental
anxiety and selfreported pain posttreatment for both
E&R and SE.
Group SE: lower
survival rate – with
marginal staining,
failures in marginal
integrity and
cohesive adhesion.

E&R, etch-and-rinse; FPM, first permanent molars; HE, hypomineralised enamel; Md, mandibular; Mx, maxillary; NaOCl, sodium hypochlorite; PEB, posteruptive breakdown; RC, resin composite; RCT, randomised controlled trial; SE, self-etch; UA, universal dental adhesive; vs., versus
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Table 2–3. Descriptive statistics of in vitro studies investigating dental adhesion to hypomineralised enamel.
Authors &
Year

Type of Teeth

Sample Size

Study Groups

Resin Material /
Dental Adhesive
System(s) Tested

Bond Strength Results
Testing Method

William et al.
(2006a) [29]

Hypomineralised
FPM

120 – out of which
55 FPM were used
for µSBS test

Group 1: NE

Single Bond 2
(3M ESPE)

µSBS test

No. of specimens
NE = 44
HE = 56

2-step E&R adhesive

[2-step E&R]
Group 2: NE
2-step SE adhesive
Group 3: HE
2-step E&R adhesive
Group 4: HE
2-step SE adhesive

Chay et al.
(2014) [20]

Hypomineralised
FPM

152 hypomineralised
FPM

Group 1: NE
No pretreatment

No significant
difference in µSBS
between SE and
E&R adhesives.

Clearfil SE Bond
(Kuraray)
[2-step SE]

Cohesive failure in
enamel was the
most predominant
failure mode in HE.

FiltekTM Supreme
Universal
Restorative RC
(3M ESPE)

Clearfil SE Bond
(Kuraray)
[2-step SE]

µSBS of RC to HE
was significantly
lower than that of
RC to NE.

Mixed / adhesive
failure modes were
the most prevalent
in NE.

µSBS test

No significant
difference noted
with or without
resin infiltration.
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No. of specimens:

Group 2: HE

NE = 21

No pretreatment

CW HE = 43
YB HE = 41

ICONÒ clinical kit
(DMG) – etch,
ethanol, infiltrant
resin

Increased bond
strength to HE was
observed when
subjected to
oxidative
pretreatment with
5.25% NaOCl.

Group 3: HE
Pretreatment with ICONÒ

GradiaÒ Direct RC
(GC Corporation)

Group 4:
HE & pretreatment with
5.25% NaOCl and ICONÒ
Group 5: HE & pretreated
with 5.25% NaOCl

Crombie et al.
(2014) [36]

Hypomineralised
FPM

17 hypomineralised
FPM
No. of specimens:

Standard group (control):
HE & ICONÒ protocol
(i.e., etch & ethanol &
infiltrant resin)

CW HE = 8
YB HE = 11

Pretreatment group:
HE & 2 min. of 0.95%
w/v NaOCl & ICONÒ
protocol

ICONÒ clinical kit
(DMG) – etch,
ethanol [Dry],
infiltrant resin

Vickers
hardness test

No significant
difference across
all three groups.
Infiltrant resin can
penetrate
hypomineralised
enamel, but the
area, pattern and
change in hardness
are unpredictable.
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Mid-treatment group:

Type (colour) of
MIH lesion did not
have an impact on
microhardness.

HE & etch & 2 min. of
0.95% w/v NaOCl &
ethanol & ICONÒ
infiltrant resin

Ekambaram et
al. (2017) [19]

Hypomineralised
FPM

27 hypomineralised
FPM

Group 1 (control): NE
2-step E&R adhesive

Single Bond 2
(3M ESPE)
[2-step E&R]

No. of specimens:
NE = 30
CW HE = 15
YB HE = 15

Group 2: NE

FiltekTM Z250
Universal
Restorative RC
(3M ESPE)

µSBS test

Pretreatment with
either NaOCl or
Papacarie DuoÒ gel
enhanced bonding
to HE.

Group 3: NE

No significant
difference in µSBS
between NaOCl
and Papacarie
DuoÒ gel for both
NE and HE.

Etch & 1 min.
deproteinisation with
Papacarie DuoÒ gel &
bond

CW HE yielded
higher mean µSBS
when compared
with YB HE.

Etch & 1 min.
deproteinisation with 5%
NaOCl & bond

Group 4: HE (5 CW, 5
YB)
2-step E&R adhesive
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Group 5: HE (5 CW, 5
YB)
Etch & 1 min.
deproteinisation with 5%
NaOCl & bond
Group 6: HE (5 CW, 5
YB)
Etch & 1 min.
deproteinisation with
Papacarie DuoÒ gel &
bond

Kramer et al.
(2018) [16]

41 sound molars
and incisors
53 MIH-affected
molars and
incisors

33 sound teeth and
35 MIH-affected
teeth used for MTBS
(Remaining teeth
used for qualitative
analysis)

Group 1: NE
3-step E&R adhesive

OptibondTM FL
(Kerr)
[3-step E&R]

Group 2: HE
3-step E&R adhesive
Group 3: HE
Etch & 1 min.
deproteinisation with
5.25% NaOCl & ICONÒ
Dry & OptibondTM FL

ScotchbondTM
Universal Adhesive
(3M ESPE)
[2-step E&R]
Clearfil SE Bond
(Kuraray)
[2-step SE]

µTBS test

Irrespective of the
use of ICONÒ Dry
or infiltrant resin,
pretreatment of HE
with NaOCl did not
improve bond
strength; however,
there was less pretest failures.
2-step SE adhesive
and 2-step E&R
adhesive were
associated with
lower MTBS
values in HE.
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Group 4: HE
Etch & 1 min.
deproteinisation with
5.25% NaOCl & ICONÒ
infiltrant resin &
OptibondTM FL
Group 5: NE
2-step E&R adhesive

ICONÒ clinical kit
(DMG) – etch,
ethanol [Dry],
infiltrant resin
FiltekTM Z250
Universal
Restorative RC
(3M ESPE)

Group 6: HE
2-step E&R adhesive
Group 7: NE
2-step SE adhesive
Group 8: HE
2-step SE adhesive

CW, creamy/white; E&R, etch-and-rinse; FPM, first permanent molars; HE, hypomineralised enamel; µSBS, microshear bond strength; µTBS, microtensile
bond strength; NaOCl, sodium hypochlorite; NE, normal enamel; SE, self-etch; YB, yellow/brown
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2.9 Atomic Force Microscopy
All published in vitro studies investigating the bond strength of MIH have
routinely used scanning electron microscopy (SEM) to qualitatively assess the surface
morphology of hypomineralised enamel [16, 19, 20, 29, 36]. Dissimilar to SEM, atomic
force microscopy (AFM) is a profilometer that allows quantitative evaluation of surface
nanotopography at a higher resolution without the need for sample preparation or sputter
coating [121, 122]. It is capable of providing three-dimensional (3D) information, such
as surface roughness, absolute depth profile, peak height and valley depth [123].
Therefore, among the myriad of tooth substrate studies, AFM has been utilised in the
investigation of enamel demineralisation and remineralisation, enamel roughness after
orthodontic-associated interproximal reduction, and enamel surface after acid etching
[121-126].

To date, there are no published AFM data on the surface nanotopography of
hypomineralised enamel. The impact which enamel surface nanotopography has on
dental adhesion remains indeterminate; however, it is hypothesised that an increase in
surface roughness leads to an increase in surface area available for bonding [124, 126,
127]. Therefore, the present research aims to evaluate the surface nanotopography of
acid-etched and/or deproteinised normal enamel as well as hypomineralised enamel of
varying degrees of severity (i.e., creamy/white and yellow/brown). It may also be
meaningful to compare the AFM findings with those of SEM and to further assess for
any potential associations.
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Chapter 3

Bonding Universal Dental Adhesive to
Developmentally Hypomineralised Enamel

Research Study: Paper I
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3.1 Abstract
Background
Developmentally hypomineralised enamel is associated with compromised restorative
treatment outcomes due to poor bonding efficacy.

Aim
To investigate the effect of various pretreatment protocols involving Papacarie DuoÒ gel
and ScotchbondTM Universal Adhesive (SUA) on the microshear bond strength (µSBS)
of resin composite to hypomineralised enamel.

Methods
Specimens of normal enamel (NE) and hypomineralised enamel (HE) were derived from
extracted hypomineralised first permanent molars (FPMs). Based on the colour of
demarcated opacities, HE specimens were further classified into subgroups of
creamy/white (CW) and yellow/brown (YB). The enamel specimens were randomly
allocated into eight experimental groups (n = 20). Each group had a designated
pretreatment protocol that involved the use of: (1) Papacarie DuoÒ gel or without its use,
and (2) SUA applied in etch-and-rinse (E&R) mode or self-etch (SE) mode. All
specimens were bonded with resin composite and subjected to µSBS testing. The µSBS
data were analysed using three-way ANOVA and post hoc hypothesis testing (a = 0.05).
Enamel-adhesive interfaces and failure modes were further analysed using optical
microscope and scanning electron microscopy (SEM).
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Results
Comparing NE with HE specimens, the following three factors were found to be
significant (p < 0.001): (1) type of enamel substrate, (2) deproteinising pretreatment, and
(3) etching mode. Comparing CW HE with YB HE specimens, a significant interaction
between “deproteinising pretreatment” and “etching mode” was demonstrated (p =
0.028). When subjected to the concurrent use of Papacarie DuoÒ gel and phosphoric acid
etching (E&R mode), HE specimens showed a statistically significant increase in µSBS
values (p < 0.001).

Conclusions
Deproteinising pretreatment using Papacarie DuoÒ gel followed by the application of
SUA in E&R mode led to increased µSBS of resin composite to HE.

Clinical Significance
Papacarie DuoÒ gel is a papain-based proteolytic agent that is capable of deproteinising
HE. It should be integrated into the restorative management of MIH-affected teeth as a
pretreatment agent prior to phosphoric acid etching.
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3.2 Introduction
Molar Incisor Hypomineralisation (MIH) is a developmental dental defect of
systemic origin, which invariably affects one or more first permanent molars (FPMs)
with or without involvement of the permanent incisors [1]. It describes the clinical
appearance of demarcated opacities, modified translucency, and qualitative dilapidations
within enamel [14, 24]. Similar aberrations may also occur in primary canines, second
primary molars (HSPM), second permanent molars and the cuspal tips of permanent
canines [31-34]. With a pooled mean prevalence of 14.2% worldwide, MIH affects
approximately one in seven children [7].

Hypomineralised enamel (HE) is associated with a decrease of 19–20% in
mineral density and a significant increase of 8–21-fold in protein content [14, 24, 89].
These anomalous changes to the chemomechanical properties of HE severely undermine
its inherent ability to withstand dynamic masticatory forces and other insults within the
oral environment. Hence, MIH-affected teeth are at risk of hypersensitivity, post-eruptive
breakdown (PEB) and secondary caries [82].

Despite considerable research efforts, the restorative management protocol of
MIH remains nebulous [10-12]. Restorative treatment outcomes are often unpredictable,
thus subjecting affected individuals to a tumultuous cycle of retreatments, and a colossal
economic burden at high sociopsychological costs [91]. By the age of 9 years, children
with severe MIH are reported to be almost 10 times more likely to have received dental
treatment on one or more of their hypomineralised FPMs than their non-affected peers
[128].
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These findings profoundly highlight the limitations of MIH when bonding to
dental adhesive materials. Multiple studies have indicated that adhesion to HE is
achievable, but with varying degrees of success [14, 15]. The bond strength of resin
composite to HE has shown to decrease by 25–60% [19, 20, 29]. In an attempt to address
these bonding constraints, the integration of a pretreatment protocol to facilitate the
removal of intrinsic proteins encasing the hydroxyapatite has been propounded [11, 15].

Several studies investigating the effect of various deproteinising agents, including
sodium hypochlorite (NaOCl) and Papacarie DuoÒ gel, on NE and HE have emerged
with promising results [19, 92-94]. In particular, pretreatment with Papacarie DuoÒ gel
is associated with enhanced enamel bond strength without the risks and complications
implicated in the use of NaOCl [19, 22, 92-94]. Although its precise mechanism of action
has yet to be fully elucidated, its main action is primarily driven by papain, which is a
proteinase known to have anti-inflammatory, bacteriostatic and bactericidal properties
[22, 95, 97]. To date, only one published in vitro study has investigated the effect of
Papacarie DuoÒ gel on HE, and the positive results have affirmed its applicability as an
efficacious deproteinising agent [19].

Over the past decades, the development of new dental adhesives have challenged
the principles of restorative dentistry [104]. Adopting the “all-in-one” approach, these
products are designated as “multi-mode” or “multi-purpose” because they can be used in
three different etching modes when bonding to tooth substrate: self-etch (SE), total etchand-rinse (E&R), or selective enamel etch [104-106]. Contrary to the older generation of
dental adhesive systems, the composition of universal dental adhesives is unique [104,
108]. This is due to the inclusion of acidic hydrophilic monomers such as specific
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carboxylate and/or phosphate monomers e.g., 10-methacryloyloxydecyl dihydrogen
phosphate (MDP), which act as primers while promoting ionic bonding to calcium found
in hydroxyapatite [104].

Currently, there is a dearth of data on the efficacy and effectiveness of universal
dental adhesives in association with developmental dental defects. Thus far, there has
only been one in vitro study investigating the microtensile bond strength of resin
composite to HE using ScotchbondTM Universal Adhesive (SUA) (3M ESPE, St. Paul,
MN, USA) in E&R mode, and the authors have observed significantly lower bond
strength values among HE specimens [16]. Moreover, a recently published in vivo study
on MIH has become the first randomised controlled trial to investigate the survival rate
of resin composite restorations bonded with universal dental adhesive (Ambar Universal
APS; FGM, Brazil) [117]. Although E&R mode was associated with a higher retention
rate (80.8%) than SE mode (62.3%) at 12 months after treatment, the difference was not
statistically different [117]. It is important to recognise that both studies have not
included deproteinising pretreatment in their investigation of universal dental adhesives
on MIH-affected teeth.

The aim of the present study was to investigate the effect of various pretreatment
protocols involving Papacarie DuoÒ gel and SUA on the microshear bond strength (µSBS)
of resin composite to HE. The following hypotheses were tested: (1) there would be a
difference in enamel bond strength between NE and HE specimens when subjected to the
same protocol, (2) pretreatment of NE and HE specimens with deproteinising Papacarie
DuoÒ gel would increase bond strength to resin composite when conditioned on the same
etching mode using SUA, and (3) there would be difference in enamel bond strength
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between E&R mode and SE mode when conditioned on the same type of enamel
substrate and subjected to the same protocol.

46

3.3 Methods and Materials
Ethics
The present study was initially reviewed by the Health and Disability Ethics
Committees (New Zealand Ministry of Health), and a consultation with Māori was
conducted by the Ngāi Tahu Research Consultation Committee. Ethical approval was
obtained for the collection and experimental use of extracted teeth from the Human
Ethics Committee (Health) at the University of Otago (approval reference number:
H18/086). To facilitate the collection of extracted teeth from other regions in New
Zealand, locality authorisation and further Māori consultation were also sought from
various district health boards and their affiliated Māori research committees.

Teeth collection
Over a 13-month period, a pooled sample of 107 erupted hypomineralised first
permanent molars (FPMs) were extracted and collected from participants with an
established diagnosis of MIH between the ages of 6 and 18 years, inclusively. To ensure
the validity of the study, participants with an underlying medical condition and/or
identified syndrome that may potentially be associated with the development of dental
defects were excluded.

All participants were under the care of Paediatric Dentists in either private
specialist practices or public hospitals within New Zealand. Following the standard of
care and as part of a personalised treatment plan, hypomineralised FPMs were extracted
due to PEB, associated secondary caries, or for orthodontic purposes, and it was common
to have more than one FPMs extracted in each participant. The present study neither had
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an influence on the decision-making of the parent/legal guardian and participant, nor the
clinical judgment of the dental specialist. Prior to the collection of teeth, age-appropriate
information sheets outlining the research project were also provided to the participant
and parent/legal guardian, and both parties were required to give written assent and
informed consent, respectively.

Participating clinics were supplied with storage-related instruction sheet and
specimen bottles that contained 0.10 g of thymol crystals (Sigma-Aldrich Co., St. Louis,
MO, USA). Temporary storage did not exceed four weeks, and the extracted teeth were
either collected in person or couriered to the investigator within padded envelopes via
overnight delivery service.

Upon receipt, the extracted teeth were promptly deidentified and cleaned using a
slow-speed fine rotary brush and pumice to remove adherent residues of plaque, blood,
soft tissue and other contaminants. Adopting the MIH judgment criteria established by
Weerheijm and colleagues [2], the teeth were wet and visually inspected under daylight
conditions by the investigator to confirm the clinical diagnosis of MIH, and verify the
availability of at least 2–3 mm diameter of NE and/or HE in the occlusal half of the tooth.
The teeth were then transferred to clean specimen bottles containing 0.5% thymol
solution compounded by 20 mL of Milli-QÒ distilled deionised water (DDW) and 0.10 g
of thymol crystals, and they were stored in a controlled environment at 4°C until use.

Preparation of specimens
The roots of hypomineralised FPMs were embedded in cold-setting EpoFix resin
(Struers A/S, Copenhagen, Denmark) cylinders. Clamping on the resin embedment for
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anchorage, the extracted teeth were individually mounted on an automated precision
cutting machine (Accutom-50; Struers A/S, Copenhagen, Denmark), and the crowns
were carefully sectioned using a 0.4 mm-thick diamond-impregnated disc (M1D13;
Struers A/S, Copenhagen, Denmark) with water coolant (Fig. 3–1). To prevent
undesirable deflection of the disc, the cutting settings were adjusted to medium force, at
a low feed of 0.1 mm/s, and a speed of 1000 rpm.

1a

1b

Fig. 3–1. An illustration of the sectioning process. The extracted hypomineralised FPM
was stabilised on Accutom-50 precision cutting machine by clamping on the cylindrical
resin embedment in which the roots are fixated.

The geometrical configuration of the cylindrical resin embedment was crucial in
enabling easy manoeuvring and rotational movement in planes parallel with and
perpendicular to the long axis of the tooth. As a result, it was feasible to execute sectional
cuts at different angulations. The enamel specimens were specifically derived from the
occlusal half of coronal structure to ensure the width of all specimens were consistent
and adequate. To reduce the risk of bias, specimens for NE were also acquired from the
same sample group of extracted hypomineralised FPMs. In most cases, at least two NE
specimens and up to four HE specimens could be obtained per extracted tooth.
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The enamel specimens were manually and minimally polished with wet P1200grit silicon carbide paper (Riken Corundum Co. Ltd., Saitama, Japan) to remove the
outermost surface layer of aprismatic enamel. This process aimed to conserve as much
dental enamel tissue as possible, and the specimens were uniformly subjected to a fixed
number of polishing strokes.

Mounting of specimens for microshear bond strength (µSBS) test
All specimens were meticulously embedded in 3D-printed cylindrical resin
moulds (height: 7 mm, diameter: 10 mm) using cold-setting EpoFix resin, and they were
subsequently assigned an arbitrary number (Fig. 3–2).

Fig. 3–2. Enamel specimens were embedded in 3D-printed cylindrical resin moulds using
cold-setting EpoFix resin. An arbitrary number was assigned to each specimen to
facilitate randomisation.

Identification of NE and HE substrates
In addition to the initial inspection conducted immediately after cleaning, a
second visual assessment of enamel specimens was independently performed by the
investigator and the primary supervisor of the study. The objective of the procedure was
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to validate the accuracy of the initial visual inspection. Likewise, the second inspection
used the MIH judgment criteria [2] and was carried out under the same examination
conditions. Prior to the inspection, the specimens were left in room temperature in
hermetic containers containing Milli-QÒ DDW for 24 hours.

3a

3b

3c

Fig. 3–3. Photographs of the archetypal specimens that were set apart and used as
reference points in the identification of enamel substrates. (3a) NE. (3b) CW HE. (3c)
YB HE.

A few archetypal examples of NE, creamy/white (CW) HE, and yellow/brown
(YB) HE specimens were set apart and used as reference points in the differentiation of
enamel substrates (Fig. 3–3). “NE” was defined as “normal-looking dental enamel tissue”
devoid of delineated opacities or surface discolouration, developmental defects, and
caries. As significantly less mineralised prism sheaths and lower mechanical properties
in the transitional area immediately adjacent to the demarcated borders of HE had been
previously reported [87], NE specimens in this study were carefully obtained in regions
away from HE. In contrast, “HE” referred to visual defects with altered translucency and
demarcated opacities within dental enamel. Based on the colour of the demarcated
opacities to determine the severity of hypomineralisation and the degree of porosity, HE
specimens were further classified into subdivisions of (1) CW and (2) YB.
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Power calculation of sample size
Based on previous MIH in vitro studies with similar aims and designs, the sample
size was calculated to be 20 enamel specimens per experimental group, with an equal
number of 10 CW HE and 10 YB HE specimens allocated to each HE group [19, 20, 29].

The design of this study was designated to be A × B × C with 2 × 2 × 2 factor
levels, deducing a total of 8 experimental groups. Theoretical considerations further
suggested that there should be a medium interaction; therefore, as defined by Cohen
(1988), the conventional value of f = 0.25 for medium effect size was used [129, 130].
Using G*POWER statistical software (version 3.1.9.3, Germany) to compute a priori
power analysis, a minimum sample size of 128 enamel specimens was required to acquire
a recommended power of 0.80 in testing three-factor interaction at the statistical
significance level of a = 0.05 [130, 131]. However, to ensure equal group sizes and to
account for possible pre-test failures, a total sample size of 160 enamel specimens was
determined. A post hoc power analysis revealed that the power of the present study was
increased to 0.88.

Randomised allocation of specimens
Using the assigned numbers, all enamel specimens were randomised on
Microsoft ExcelÒ (Microsoft Corp., NM, USA) and proportionally distributed into eight
experimental groups, with Groups 1 and 2 being designated as control groups (Table 3–
1). HE groups 5, 6, 7 and 8 were further divided into subgroups of CW and YB, which
were denoted by the suffixes –W and –Y, respectively.
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Table 3–1. The number of specimens and type of enamel substrates allocated to each
experimental group.
NE
Group 1

20

Group 2

20

Group 3

20

Group 4

20

Group 5

W

CW HE

10

Y
Group 6

W

10
10

Y
Group 7

W

10
10

Y
Group 8

W
Y

YB HE

10
10
10

Pretreatment and bonding protocol
The materials used in this study are shown in Table 3–2. Pretreatment and
bonding protocols for the eight experimental group are further described in Table 3–3.

In groups 3, 4, 7 and 8, the enamel specimens were first deproteinised with
papain-based Papacarie DuoÒ gel (Formula & Acao, SP, Brazil) via active application
for 60 seconds. This was followed by rinsing with copious amount of water from threeway dental syringe for 60 seconds, and thorough drying using oil-free air for 15 seconds.
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Enamel specimens in E&R groups 2, 4, 6 and 8 were treated with 37% phosphoric
acid etchant (ScotchbondTM Multi-Purpose Etchant; 3M ESPE, St. Paul, MN, USA) for
15 seconds. Using the three-way dental syringe, etched surfaces were vigorously rinsed
with water for 30 seconds and dried with oil-free air for 15 seconds until a matt white or
frosted appearance was clinically visible. On the other hand, enamel specimens in SE
groups 1, 3, 5 and 7 were not subjected to phosphoric acid etching.

Following manufacturer’s instructions, a single layer of SUA was actively
applied on all specimens in rubbing motion for 20 seconds and air-dried for 5 seconds to
allow the evaporation of solvent. The adhesive was photo-polymerised for 10 seconds
using a light-emitting diode (LED) curing light (VALOTM Corded; Ultradent Products,
South Jordan, UT, USA) with an emittance of 900 mW/cm2.

A custom-milled hollow cylindrical brass tube (Fig. 3–4) with an internal
diameter of 0.9 mm and a height of 2.0 mm was placed on each enamel specimen, and it
was firmly secured by a reciprocal crevice was unique to the compression plate of a
custom-made apparatus (Fig. 3–5) [19]. The dimensions of the reciprocal crevice
correlated with those of the brass tube to ensure good stabilisation. Using an extra-fine
restorative instrument (LM-ArteTM Condensa; LM-Dental, Pargas, Finland) to pack, the
hollow brass tubes were filled with resin composite (FiltekTM Supreme XTE Universal
Restorative; 3M ESPE, St. Paul, MN, USA). As the brass tubes were opaque, resin
composite was built in two separate increments of 1.0mm, with each incremental layer
being subjected to 40 seconds of light-curing to eliminate the risk of inadequate
polymerisation.
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Table 3–2. Materials used in the study.
Material

Main constituents

pH

Manufacturer

ScotchbondTM MultiPurpose Etchant

37% phosphoric acid, polyvinyl
alcohol, water

0.1

3M ESPE, St. Paul,
MN, USA

ScotchbondTM
Universal Adhesive

MDP, HEMA, dimethacrylate resins,
Vitrebond copolymer (acryl- and
itacon acid), filler, ethanol, water,
silane, photoinitiators
(ultra-mild universal dental adhesive)

2.7

3M ESPE, St. Paul,
MN, USA

Papacarie DuoÒ

Papain, chloramine, toluidine blue,
preservatives, salts, stabilisers,
thickener, deionised water

9.21

Formula & Acao,
SP, Brazil

FiltekTM Supreme
XTE Universal
Restorative

bis-GMA, UDMA, bis-EMA(6),
TEGDMA, PEGDMA, silane-treated
ceramic, silica filler, zirconia filler,
zirconia/silica cluster filler, and others
(shade: A2B)

(resin composite)

3M ESPE, St. Paul,
MN, USA

bis-EMA, bisphenol A polyethylene glycol diether dimethacrylate; bis-GMA, 2,2-bis [4-(2hydroxy-3-methacryloyloxypropoxy) phenyl] propane; HEMA, 2-hydroxyethyl methacrylate;
MDP, 10-methacryloyloxydecyl dihydrogen phosphate; PEGDMA, polyethylene glycol
dimethacrylate; TEGDMA, triethyleneglycol dimethacrylate; UDMA, urethane dimethacrylate

Fig. 3–4. Illustrative diagram of a hollow cylindrical brass tube with bevelled base. The
shaded area represents the hollow space. Dimensions are as labelled. OD, outer diameter;
ID, inner diameter.

1

[97] H.H. Hamama, C.K. Yiu, M.F. Burrow, Viability of intratubular bacteria after chemomechanical
caries removal, J Endod 40(12) (2014) 1972-6.
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a

A. Sliding pillars
B. Compression plate with reciprocal crevice
C. Enamel specimen (embedded in resin mould)
D. Platform
E. LM-ArteTM Condensa

b

Fig. 3–5. Schematic diagrams of custom-made apparatus and bonded assembly. (a)
Axonometric view. Extra-fine restorative instrument (E) was used to pack resin
composite into the hollow brass tube. (b) Frontal view with close-up insert. Brass tube is
firmly stabilised by the reciprocal crevice, with the compression plate sitting on the
circumferential wing of the brass tube.
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Table 3–3. Detailed outline of pretreatment and bonding protocols.
SE mode

E&R mode (PA etching)

No deproteinisation

Deproteinisation

No deproteinisation

Deproteinisation

Group 1

Group 5W

Group 5Y

Group 3

Group 7W

Group 7Y

Group 2

Group 6W

Group 6Y

Group 4

Group 8W

Group 8Y

NE

CW HE

YB HE

NE

CW HE

YB HE

NE

CW HE

YB HE

NE

CW HE

YB HE

SUA: single layer applied to airdried enamel surface in rubbing
motion (20 s)

Papacarie gel actively applied with
agitation (60 s)

Papacarie gel actively applied with
agitation (60 s)

Water spray (60 s)

Water spray (60 s)

Air-dried (15 s)

Air-dried (15 s)

SUA: single layer applied to airdried enamel surface in rubbing
motion (20 s)

37% PA etch (15 s)

37% PA etch (15 s)

Water spray (30 s)

Water spray (30 s)

SUA: single layer applied to airdried enamel surface in rubbing
motion (20 s)

SUA: single layer applied to airdried enamel surface in rubbing
motion (20 s)

Air-thinned with medium pressure to Air-thinned with medium pressure to
evaporate solvent in SUA (5 s)
evaporate solvent in SUA (5 s)

Air-thinned with medium pressure to Air-thinned with medium pressure to
evaporate solvent in SUA (5 s)
evaporate solvent in SUA (5 s)

Light curing (10 s)

Light curing (10 s)

Light curing (10 s)

Light curing (10 s)

Brass tube stabilised on specimen
using custom-made apparatus

Brass tube stabilised on specimen
using custom-made apparatus

Brass tube stabilised on specimen
using custom-made apparatus

Brass tube stabilised on specimen
using custom-made apparatus

RC packed in 2 increments of 1 mm;
each layer light cured for 40 s

RC packed in 2 increments of 1 mm;
each layer light cured for 40 s

RC packed in 2 increments of 1 mm;
each layer light cured for 40 s

RC packed in 2 increments of 1 mm;
each layer light cured for 40 s

PA, Phosphoric acid; Papacarie, Papacarie DuoÒ; RC, FiltekTM Supreme XTE Universal Restorative resin composite; SUA, ScotchbondTM Universal Adhesive
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Microshear bond strength (µSBS) test
At the completion of the bonding procedure (Fig. 3–6), enamel specimens were
incubated at 37°C in Milli-QÒ DDW for 24 hours before µSBS testing. Prior removal of
the brass tubes was not required due to their bevelled base and the precision engineering
behind their seating in relation to the enamel surface. Specimens were secured
horizontally on a 3D-printed resin mounting jig (Fig. 3–7), and they were loaded to
failure at a crosshead speed of 1.0 mm/min using a customised stainless steel shearing
fixture (Figs. 3–8 and 3–9) that was attached to a universal testing machine (Model 3369,
InstronÒ, Canton, MA, USA). Subsequently, µSBS values (MPa) were calculated as the
peak loading force needed to shear the resin composite-filled cylindrical brass tube
divided by the bonded surface area.

Fig. 3–6. Photograph of enamel specimens after the completion of bonding procedure.
The cylindrical brass tubes are packed with resin composite.
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a

b

c

Fig. 3–7. Schematic diagrams of the 3D-printed resin mounting jig in which bonded
enamel specimens are firmly secured prior to µSBS testing. The dark grey circular
attachment is non-fixated and self-manoeuvrable, which helps to ensure accurate and
precise delivery of microshear force to the enamel-resin adhesive interface. (a) Frontal
view. (b) Axonometric view. (c) Lateral view.
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a

b

c

Fig. 3–8. Schematic diagrams of the customised stainless steel shearing fixture. (a)
Frontal view with close-up insert of the novel lip configuration. The lip has a thickness
of less than 0.1 mm, and its dimensions correspond with the base and inner diameter of
the brass tube. (b) Axonometric view. (c) Lateral view.
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a

F. Customised shearing fixture with lip
G. Mounting jig with enamel specimen

b

c

Fig. 3–9. Schematic diagrams to illustrate the precise engagement of the lip with the resin
composite-filled cylindrical brass tube at the bonded interface during µSBS testing. (a)
Frontal view with close-up insert. (b) Axonometric view. (c) Lateral view.
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Failure mode analysis
After the µSBS test, debonded enamel surfaces and resin composite-filled
cylindrical brass tubes were examined under an optical microscope (SMZ800N, Nikon
Corp., Tokyo, Japan) at 30–40× magnification. Digital images were obtained and failure
modes were categorised into one of the following: (1) adhesive failure – when the plane
of failure was along the enamel-resin adhesive interface, (2) cohesive failure in resin
composite – when the debonded substrate surface showed fracture through resin
composite, (3) cohesive failure in enamel – when the debonded substrate showed fracture
through dental enamel, and (4) mixed failure – when two or more modes of failure were
present. If a specific mode of failure was identified in 80% or more of the debonded
substrate area, it was deemed predominant and classified as so. When less than 80% of
the debonded substrate area exhibited a particular failure mode, it was categorised as a
mixed failure.

Representative enamel specimens from each failure mode were selected for
qualitative evaluation under scanning electron microscopy (SEM) (Zeiss Sigma; Carl
Zeiss Inc., Oberkocken, Germany). Prior to the observation, samples were left at room
temperature to air-dry for 24 hours. Enamel surface of the specimens were coated with
10 nm of gold palladium in a sputter-coating vacuum (Q150T; Quorum Technologies,
East Sussex, UK), and mounted onto aluminium stubs using carbon tape and carbon paint.
The specimens were qualitatively examined under magnifications up to 2000× and at an
acceleration voltage of 10 kV.
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Statistical analysis
All statistical analyses were performed using SPSS software (version 26.0.0.1;
IBM, Armonk, NY, USA), with the level of statistical significance set at a = 0.05. The
µSBS data for each experimental group were tested for homogeneity of variance using
Levene’s test. Three-way analysis of variance (ANOVA) followed by post hoc
hypothesis testing were also used to analyse the µSBS data as well as to examine the
effect and interaction of the following three factors: (1) type of enamel substrate, (2)
etching mode, and (3) deproteinising pretreatment.

Subsets of µSBS data pertaining to HE groups 5, 6, 7 and 8 were further analysed
in accordance with the severity of enamel hypomineralisation. Similarly, three-way
ANOVA and post hoc hypothesis testing were used to ascertain the effect and interaction
of the following three factors: (1) severity of hypomineralisation, (2) etching mode, and
(3) deproteinising pretreatment.
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3.4 Results
Microshear bond strength (µSBS)
NE and HE
The present study did not have any pre-test failure of bonded enamel specimens.
The mean and distribution of µSBS values (MPa ± SD) for NE and HE specimens are
presented in Table 3–4 and from Figures 3–10 to 3–142. With a p-value of 0.189 derived
from Levene’s test for equality of variances, the homogeneity of the µSBS data for each
experimental group was validated. Three-way ANOVA suggested that each of the
following three factors were significant (p < 0.001): (1) type of enamel substrate, (2)
etching mode, and (3) deproteinising pretreatment. However, none of the interactions
were significant.

Comparing NE with HE specimens, there was a statistically significant difference
in mean µSBS values when subjected to the same pretreatment protocol. Although there
was a significant difference between Groups 4 and 8 (p = 0.030), it was apparent that
pretreatment of HE with Papacarie DuoÒ gel followed by phosphoric acid etching led to
an estimated increase of 20% in bond strength. It could also be appreciated that the mean
µSBS value for Group 8 closely approximated that of Group 2. This inferred that the
bond strength of deproteinised acid-etched HE was comparable to that of nondeproteinised acid-etched NE specimens.

2

Box plot and estimated marginal means profile plots have a 95% CI (confidence interval).
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Collectively analysing HE specimens as a group, it was evident that deproteinising
pretreatment did not exert a significant effect on bond strength when it was used in
conjunction with SUA in SE mode (p = 0.292). In comparison, HE specimens from
Group 8 exhibited the greatest increase in mean µSBS values (8.76 ± 1.89 MPa),
establishing the fact that the integration of Papacarie DuoÒ gel as a pretreatment prior to
E&R mode had a significant impact on enamel bond strength (p < 0.001). These findings
were also consistently observed among NE specimens, with a statistically significant
difference noted between Groups 2 and 4 (p = 0.049).

Results from post hoc hypothesis testing further verified the following observations:
(1) the bond strength of HE was statistically significantly lower than that of NE, (2) E&R
mode significantly increased the bond strength of NE and HE, and (3) deproteinising
pretreatment significantly increased the bond strength of NE and HE when it was used
as an adjunct to SUA in E&R mode.

CW HE and YB HE
The relevant mean and distribution of µSBS values (MPa ± SD) for CW HE and
YB HE specimens are summarised in Table 3–5 and from Figures 3–15 to 3–193. Threeway ANOVA analysis indicated that each of the following three factors were significant
(p < 0.001): (1) severity of hypomineralisation, (2) etching mode, and (3) deproteinising
pretreatment. A significant interaction between “etching mode” and “deproteinising
pretreatment” was also identified (p = 0.028). Investigating this interaction via Simple
Main Effects analysis, it was shown that “deproteinising pretreatment” significantly

3

Box plot and estimated marginal means profile plots have a 95% CI (confidence interval).
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increased enamel bond strength only when it was supplemented with phosphoric acid
etching in “E&R mode”.

Comparing CW HE with YB HE specimens, there was no statistically significant
difference in mean µSBS values when they were subjected to deproteinisation followed
by SE mode (p = 0.167) or E&R mode (p = 0.327). However, analysing CW HE and YB
HE specimens as two individual groups, it was evident that Papacarie DuoÒ gel did not
have a significant effect on enamel bond strength when used in conjunction with SUA in
SE mode (p = 0.604 for CW HE; p = 0.177 for YB HE). These findings were consistent
with those of NE specimens.

Results from post hoc hypothesis testing further demonstrated the following
observations: (1) the bond strength of YB HE was significantly lower than that of CW
HE only in the absence of deproteinising pretreatment, (2) E&R mode significantly
increased the bond strength of CW HE and YB HE, and (3) deproteinising pretreatment
significantly increased the bond strength of YB HE when used as an adjunct to E&R
mode, and no statistically significant effect was observed on CW HE.

It is important to recognise the third observation established by post hoc hypothesis
testing has a mild contradiction with three-way ANOVA results. It appeared that the
effect of Papacarie DuoÒ gel on enamel bond strength was dependent on the type of HE
substrate. This suggested that there ought to be a significant interaction between
“deproteinising pretreatment” and “severity of hypomineralisation”, but this presumption
was refuted by the ANOVA results. A close scrutiny of the interaction showed that its pvalue was 0.052, which was close to the statistical significance level of a = 0.05.
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Therefore, following SPSS standard practice, it was deemed reasonable to deduce that
deproteinising pretreatment prior to E&R mode had an impact on the enamel bond
strength of CW HE specimens.
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Table 3–4. Mean microshear bond strength of resin composite to normal enamel and hypomineralised enamel.
Mean µSBS (MPa) ± SD
(n = 20)

SE mode

E&R mode

Deproteinisation &
SE mode

Deproteinisation &
E&R mode

Normal enamel

6.24 ± 2.67aA

8.94 ± 2.76cB

7.33 ± 2.59eAB

10.44 ± 2.73gC

Hypomineralised enamel (CW and YB)

3.46 ± 1.98bD

5.64 ± 2.47dE

4.26 ± 1.88fDE

8.76 ± 1.89hF

CW, creamy/white; E&R, etch-and-rinse; µSBS, microshear bond strength; SD, standard deviation; SE, self-etch; YB, yellow/brown
Values with the same lowercase alphabet in columns indicate no difference at a significance level of a = 0.05.
Values with the same uppercase alphabet in rows indicate no difference at a significance level of a = 0.05.

Table 3–5. Mean microshear bond strength of resin composite to hypomineralised enamel of different severity.
Mean µSBS (MPa) ± SD
(n = 10)

SE mode

E&R mode

Deproteinisation &
SE mode

Deproteinisation &
E&R mode

Creamy/white hypomineralised enamel

4.41 ± 2.01aA

7.80 ± 2.52cB

4.85 ± 1.56eA

9.18 ± 2.10fB

Yellow/brown hypomineralised enamel

2.51 ± 1.49bC

4.32 ± 1.57dD

3.67 ± 2.07eCD

8.34 ± 1.66fE

E&R, etch-and-rinse; µSBS, microshear bond strength; SD, standard deviation; SE, self-etch
Values with the same lowercase alphabet in columns indicate no difference at a significance level of a = 0.05.
Values with the same uppercase alphabet in rows indicate no difference at a significance level of a = 0.05.
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Fig. 3–10. Diagram of a box plot to depict the distribution of µSBS data among NE and HE
specimens in the eight experimental groups.

Error bars: 95% CI

Fig. 3–11. When conditioned on NE substrate, deproteinisation with Papacarie DuoÒ gel leads to
an increase in mean µSBS values for both SE and E&R modes. However, this increase is
statistically significant for E&R mode only. When compared with SE mode, E&R mode is
consistently associated with higher µSBS values.
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Error bars: 95% CI

Fig. 3–12. When conditioned on HE substrate, deproteinisation with Papacarie DuoÒ gel leads to
an increase in mean µSBS values for both SE and E&R modes. This increase is statistically
significant for E&R mode only.

Error bars: 95% CI

Fig. 3–13. When conditioned on SE mode, deproteinisation with Papacarie DuoÒ gel does not
have a statistically significant impact on the µSBS of resin composite to NE and HE specimens.
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Error bars: 95% CI

Fig. 3–14. When conditioned on E&R mode, deproteinisation with Papacarie DuoÒ gel leads to
an increase in mean µSBS values for both NE and HE specimens. The increase associated with
HE specimens is statistically significant.

Fig. 3–15. Diagram of a box plot to show the distribution of µSBS data among CW HE and YB
HE specimens. The two open circles identified in Group 7Y are considered outliers in the data,
corresponding to values which fall between 1.5× IQR (interquartile range) and 3.0× IQR above
the third quartile. As these data points are still within a distance of 3.0× IQR from the third
quartile, following SPSS standard practice, they have been purposefully retained in the analysis.
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Error bars: 95% CI

Fig. 3–16. When conditioned on CW HE substrate, deproteinisation with Papacarie DuoÒ gel
does not lead to a statistically significant increase in mean µSBS values for both SE and E&R
modes.

Error bars: 95% CI

Fig. 3–17. When conditioned on YB HE substrate, deproteinisation with Papacarie DuoÒ gel
leads to increases in mean µSBS values for both SE and E&R modes. This increase is statistically
significant for E&R mode only.
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Error bars: 95% CI

Fig. 3–18. When conditioned on SE mode, deproteinisation with Papacarie DuoÒ gel leads to
increases in mean µSBS values for both CW HE and YB HE specimens. However, this increase
is not statistically significant for either group.

Error bars: 95% CI

Fig. 3–19. When conditioned on E&R mode, deproteinisation with Papacarie DuoÒ gel leads to
increases in mean µSBS values for both CW HE and YB HE specimens. This increase is
statistically significant for YB HE substrate, but not for CW HE substrate.
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Failure mode
The distribution of failure modes within each experimental group are presented
in Table 3–6. The most common failure mode identified in NE was mixed failure
whereby partial adhesive failure and partial cohesive failure in resin composite were
observed (57.5%), followed by adhesive failure (31.3%). A total of 11 specimens
exhibited cohesive failure in enamel (Figs. 3–20 and 3–21), all of which were severely
HE substrates with demarcated YB opacities. In Groups 7 and 8, deproteinisation of HE
specimens was associated with a relatively lower occurrence of cohesive failure in
enamel and an increase in mixed failure mode.

a
Enamel fragment

b

c

Brass tube

Fig. 3–20. Photographs of the opposing sheared resin composite-filled cylindrical brass
tube with a fractured enamel fragment attached. (a) Lateral view. (b) Elevated view. (c)
The corresponding YB HE specimen showing cohesive failure in enamel with evident
loss of tooth structure.

Enamel fragment

Fig. 3–21. Digital image of the opposing sheared resin composite with a cohesively failed
enamel fragment attached, as seen under an optical microscope at 40× magnification.
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Table 3–6. Distribution of failure modes across the eight experimental groups.
Control groups (n = 20)

Test groups (n = 20)

Group 1

Group 2

Group 3

Group 4

Group 5

Group 6

Group 7

Group 8

NE

NE

NE

NE

HE

HE

HE

HE

SE mode

E&R mode

Deproteinisation
& SE mode

Deproteinisation
& E&R mode

SE mode

E&R mode

Deproteinisation
& SE mode

Deproteinisation
& E&R mode

12 (60)

5 (25)

7 (35)

1 (5)

12 (60)

12 (60)

9 (45)

4 (20)

Cohesive in enamel

-

-

-

-

4 (20)

3 (15)

2 (10)

2 (10)

Cohesive in RC

-

2 (10)

2 (10)

5 (25)

-

-

1 (5)

1 (5)

8 (40)

13 (65)

11 (55)

14 (70)

4 (20)

5 (25)

8 (40)

13 (65)

Mode of failure
Adhesive

Mixed

RC, resin composite
Calculated percentage is represented in (%).
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SEM observation of debonded specimens
Representative SEM micrographs of enamel-resin adhesive interfaces pertaining
to each failure mode are shown in Figure 3–22. Careful inspection of the interfaces
revealed distinct differences in enamel surface morphology between E&R mode and SE
mode. When subjected to phosphoric acid etching, NE specimens were associated with
the complete removal of smear layer, and uniform preferential dissolution of enamel
prism cores and/or peripheral rods was lucidly evident (Figs. 3–22b and 3–22c). This
contrasted with acid-etched HE specimens in Group 6, which had inherent cracks and
showed irregular etching patterns (Fig. 3– 22f). However, CW HE and YB HE substrates
in Group 8 (Figs. 3–22h and 3–22i) displayed more profound etching patterns and were
associated with a marked increase in mixed failure modes when they were subjected to
deproteinisation prior to phosphoric acid etching.

Contrary to E&R mode, all enamel substrate types were found to have a hybrid
smear layer when surface treated with SUA in SE mode, irrespective of the use of
Papacarie DuoÒ gel. A higher prevalence of adhesive failure was detected amid NE
specimens in Group 1 (Fig. 3–22a), with residual adhesive remaining on the debonded
surface area. Furthermore, cohesive failure in enamel was the most notable among HE
specimens in Group 5, by which fractured enamel rods were evident (Fig. 3–22d).
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a

b

c

d

e

f

g

h

i

Fig. 3–22. Representative SEM micrographs illustrating the enamel-resin adhesive interface of debonded specimens after µSBS testing. (a) Group 1 NE – adhesive
failure. (b) Group 2 NE – adhesive failure. (c) Group 4 NE – mixed failure with profound Type 2 etching pattern. (d) Group 5Y (YB HE) – cohesive failure in enamel
showing fractured enamel rods. (e) Group 5W (CW HE) – mixed failure. (f) Group 6Y (YB HE) – mixed failure with irregular etching pattern and inherent cracks. (g)
Group 7W (CW HE) – mixed failure. (h) Group 8W (CW HE) – mixed failure with more defined etching pattern. (i) Group 8Y (YB HE) – mixed failure with more
profound etching pattern. Annotations: yellow arrow indicates remnants of universal dental adhesive, and red arrow indicates resin composite.
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3.5 Discussion
There is a large array of mechanical test methods, including in-plane shear,
macroshear, flexural, tensile and microtensile bond strength (µTBS), that are available
for the investigation of dental adhesive materials [132, 133]. Despite ongoing discussion
to determine the most appropriate means for testing dental adhesion, µSBS and µTBS
tests remain two well-established methods that have been commonly used and reported
in the scientific literature [16, 19, 20, 29, 132-134]. Although the reliability of both
microbond tests have been validated, µSBS test is associated with a more uniform
distribution of failure modes and lower coefficients of variation [134]. Due to the overall
simplicity of the µSBS test protocol, it is considerably less technique sensitive and
reduces the risk of introducing unwarranted defects to the bonded assembly [132, 135,
136].

The µSBS test is also reported to have improved stress distribution and a higher
accuracy in differentiating among stronger dental adhesive systems [132, 135, 136]. In
comparison, the preparation of specimens for µTBS test is difficult and arduous [133].
Pre-test failures caused by inconsistent testing geometry may interfere with the
sensitivity and accuracy of the µTBS testing method [132, 137]. Given its advantages,
µSBS test was determined as the most appropriate testing method for this investigation.

The present study aimed to determine the effect of Papacarie DuoÒ gel and SUA
on the µSBS of resin composite to NE and HE. The results showed that the µSBS of resin
composite to NE specimens were significantly higher than those to HE specimens when
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subjected to the same pretreatment and bonding protocol. Therefore, the first hypothesis
that there would be a difference in enamel bond strength between NE and HE specimens
was supported. This is attributable to the differential chemomechanical properties and
aberrant crystalline structure of HE, which is comparatively porous and haphazard [30].

Compared with NE, HE has an average mineral content of 59 vol.%, which is
approximately 27% lower than that of NE, and an estimated reduction of 50–75% in
microhardness and elastic modulus values [24, 86]. Reduced concentrations of calcium
and phosphorus, and a substantial increase in carbon and carbonate contents have also
been reported [24, 88]. Demarcated brown enamel opacities have demonstrated a 15–21fold increase in protein content while yellow or chalky white opacities have an 8-fold
increase [89].

Qualitative evaluation of phosphoric acid-etched HE using SEM further revealed
atypical etching patterns, poor intercrystal porosity, and non-uniform dissolution of
enamel prism cores and/peripheral rods [19, 20, 29]. This caused exiguous formation of
resin tags and poor micromechanical retention [19, 20, 29]. It is evident that the
superfluity of proteins in HE acts as a micromechanical (physical) and chemical barrier,
leading to suboptimal bonding efficacy [19, 20, 29, 36].

The integration of a pretreatment protocol to remove intrinsic proteins has been
advocated as a means to overcome these limitations [11-13, 15]. Based on the positive
outcomes associated with the use of 5% NaOCl in the management of hypocalcified
amelogenesis imperfecta, few MIH in vitro studies have investigated the oxidative effect
of 5–5.25% NaOCl on HE [12, 13, 19, 20]. It is posited that the degradation of amino
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acids and hydrolysis of excess proteins cause a significant increase in the bond strength
of HE, resulting in µSBS values that are statistically comparable with those of NE [19,
20]. This finding is not consistently observed in other laboratory studies; however,
NaOCl pretreatment appears to decrease the risk of premature failures among HE
specimens [16].

Despite NaOCl being an effective deproteinising agent and its universal
practicality across various fields of dentistry, it is associated with many disadvantages
[19, 21]. Appropriate storage of NaOCl is challenging as it rapidly decomposes when
exposed to air and sunlight, thus rendering it inactive [21]. It is also a potent oxidising
agent, which may engender potential complications in the event of an accidental spillage,
including skin irritations or burns, damage to the oral mucosa, and injury to the eyes [21].
Extra precautions and preventive measures (e.g., dental dam) are required to minimise
the risk of harm, which may prove to be difficult especially in young children who have
yet to develop cognitive-behavioural skills to cope with complex treatment procedures.
The use of high concentration NaOCl in hypomineralised young permanent molars with
deep caries secondary to PEB may also trigger an undesirable inflammatory effect on the
vital pulp [21].

Contrary to NaOCl, Papacarie DuoÒ gel is associated with superior advantages
and has great relevance to paediatric dentistry. Randomised clinical trials investigating
the effect and benefits of Papacarie DuoÒ as a chemomechanical caries removal agent
have proven it to be a cost-effective material that is capable of assuaging treatmentassociated pain in children [98, 99]. Although no adverse effects have been reported, it
should be used with prudence in patients with systemic conditions that may affect the
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host immune response, such as diabetes and blood dyscrasias. Moreover, it is
contradicted in patients with G6PD (glucose-6-phosphate dehydrogenase) deficiency as
the presence of toluidine blue may instigate an episode of haemolytic anaemia.

The favourable handling properties (i.e., consistency and viscosity) of Papacarie
DuoÒ gel are postulated to play a pivotal role in allowing sufficient intra-/ interprismatic
and intratubular diffusion into enamel and dentinal tubules, respectively [22, 97]. It has
the capacity to decrease residual cariogenic bacterial load in dentine while preserving the
integrity of type I collagen and maintaining the mineral density of dentine, with no
significant differences noted in Ca wt.%, P wt.% and Ca/P ratio [22, 96, 97]. It has also
consistently given rise to promising experimental outcomes, including: (1) enhanced
bonding efficacy of enamel and dentine, (2) excellent deproteinisation of dental substrate,
(3) complete removal of the organic phase of smear layer, thus achieving adequate
patency of dentinal tubules, and (4) a substantial improvement in the sealing performance
of SE adhesives to enamel and dentine [22, 101-103].

In recent years, there has been a growing interest in the applicability and efficacy
of Papacarie DuoÒ gel as a deproteinising agent. Few in vitro studies have investigated
its proteolytic effect on enamel specimens derived from extracted bovine incisors, human
premolars, and MIH-affected FPMs [19, 92-94]. These studies demonstrated a significant
increase in the bond strength of pretreated enamel specimens and in particular, HE
substrates were associated with more defined etching patterns and attained µSBS values
that were not significantly different from those of phosphoric acid-etched and/or
deproteinised NE specimens [19].
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The µSBS results from the present study are congruous with these findings. NE
and HE specimens exhibited a statistically significant increase in bond strength when the
use of Papacarie DuoÒ gel was successively followed by phosphoric acid etching in E&R
mode. No significant effect was found on deproteinised enamel specimens when SUA
was applied in SE mode. Therefore, the second hypothesis that deproteinising
pretreatment of NE and HE would increase bond strength when conditioned on the same
etching mode was partially rejected.

Since the introduction of universal dental adhesives into the market in 2011, there
has also been a paradigm shift in the field of operative dentistry. These adhesive resin
systems are contemporary novelties with an unparalleled complex composition that
simultaneously promotes the demineralisation of mineralised tissue, infiltration of resin
monomers, and resin polymerisation [104, 108, 138, 139]. The presence of MDP induces
the formation of stable and non-soluble MDP-calcium salts within the hydroxyapatite
lattice, which is fundamental to achieving good bond durability [104, 140]. Other
compounds, such as polyalkenoic acid copolymer, diphenyl dimethacrylate (BPDM), and
dipentaerythritol pentaacrylate phosphoric acid ester (PENTA) have also shown to work
synergistically to enhance adhesion to dental substrate [108].

The incorporation of a silane coupling agent has further improved the
compatibility of universal dental adhesives with glass-ceramic materials; hence, these
systems can be used in conjunction with resin luting cements [106, 116]. The versatility
of universal dental adhesives is ascribable to the fact that the matrix of these adhesive
systems is based on an intelligent blend of hydrophilic and hydrophobic monomers [104,
116]. This gives rise to a distinct combination of properties, allowing universal dental
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adhesives to concomitantly bond to both hydrophilic dental substrate and hydrophobic
resin-based restorative material under various surface moisture conditions [104, 106,
116].

Published in vitro studies on the adhesion strength of various universal dental
adhesive systems when used in different etching modes and application methods (i.e.,
passive and active/agitating) have demonstrated mixed results [108, 109]. The majority
of studies have advocated pre-etching of dental enamel with phosphoric acid as it leads
to greater µSBS and µTBS values, longer bond durability, increased surface free energy
characteristics, and a lower rate of marginal degradation of resin composite restorations
[109-114, 138]. Following manufacturer’s instructions, it is also recommended to
actively apply SUA with a rubbing motion. This is supported by a laboratory study,
which has reported an amelioration in etching ability and an increase in enamel bond
strength when SE mode of universal dental adhesives is applied with agitation [115].
This suggests that active application can successfully initiate chemical reactions between
hydroxyapatite and functional monomers, thereby increasing the cohesive strength of the
adhesive interface layer [104, 108, 115].

In spite of their properties and ability to chemically bond to tooth and dental
material substrates, a recent review has cast doubt on the proclaimed versatile “multipurpose” nature of universal adhesive systems [139]. The stability and durability of the
bond are reportedly material-dependent, and the adhesive interface layer may be
susceptible to enzymatic and hydrolytic degradation especially when bonding to dentine
[139, 141, 142]. Additional measures to optimise the efficacy of universal dental
adhesives have been suggested, including the use of MMP (matrix metalloproteinase)
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inhibitors, double-layer adhesive coating, and prolonged duration of adhesive application
[139]. Implementation of these strategies may be considered in the future research of
MIH.

To date, the present study is the second in vitro experiment to determine the
efficacy of a universal dental adhesive in association with MIH, and the first to
investigate it with a deproteinising pretreatment protocol. Although results from past
studies using SUA are primarily based on NE substrates derived from extracted bovine
incisors and non-MIH-affected human teeth, their observations are in line with the
current findings. Irrespective of the use of Papacarie DuoÒ gel, both NE and HE
specimens consistently measured significantly higher µSBS values when SUA was
actively applied in E&R mode. Thus, the third hypothesis that there would be a difference
in bond strength between E&R mode and SE mode when conditioned on the same type
of enamel substrate and subjected to the same pretreatment protocol was supported.

Scrutinising the relevant µSBS data, the three hypotheses can be extrapolated to
CW HE and YB HE specimens for meaningful interpretation. In the absence of a
deproteinising agent, the bond strength of CW HE was found to be significantly higher
than that of YB HE. This is due to the disparity in the chemical composition of CW HE
and YB HE substrates, with the more severe form of enamel hypomineralisation showing
significantly higher protein content and a marked decrease in mineral density [24, 88,
89].

It was evident that the use of Papacarie DuoÒ gel in conjunction with SE mode
had insignificant effect on either HE substrates. In comparison, deproteinising
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pretreatment followed by phosphoric acid etching exerted the greatest effect on the bond
strength of YB HE specimens, with µSBS values that were statistically comparable with
those of CW HE specimens. This finding is congruent with the previous MIH in vitro
study, which similarly examined the proteolytic effect of Papacarie DuoÒ gel using a 2step E&R dental adhesive (AdperTM Single Bond 2 Adhesive; 3M ESPE, St. Paul, MN,
USA) [19].

The differential chemomechanical properties of NE, CW and YB HE substrates
may further help to elucidate the distribution of failure modes in the present study. The
majority of failures among NE specimens were either adhesive or mixed, with the latter
being more common in groups subjected to deproteinising pretreatment and/or the
application of SUA in E&R mode. An increase in cohesive failure within resin composite
was also found among deproteinised acid-etched NE specimens. These failure patterns
indicate that NE is associated with higher enamel bond strength, and this is reflected by
the µSBS results.

Conversely, 11 out of 80 HE specimens exhibited cohesive failure in enamel, of
which 63.64% belonged to groups without deproteinising pretreatment. SEM evaluation
of the debonded interface of these HE specimens showed fractured enamel rods,
highlighting their inherently compromised structure and associated low µSBS values.
Interestingly, the incorporation of a deproteinising agent led to a 2–2.5-fold increase in
mixed failure mode and a 5% increase in cohesive failure within resin composite. These
observations suggest that Papacarie DuoÒ gel may potentially increase the cohesive
strength of bonded HE substrate. The failure pattern analysis of this study is reasonably
consistent with those of previous MIH in vitro studies [19, 20, 29].
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The methodology of the present study was established upon that of a previous
laboratory investigation by Ekambaram et al. (2017), but with modifications to
ameliorate the intricacies of the experimental procedure as well as the performance of
the µSBS test [19]. The consistency of the testing geometry, standardisation of apparatus
and materials, and the simplicity of the µSBS test protocol not only allowed easy
reproducibility, but also mitigated the risk of incorporating faults into the bonded
assembly. As the experiment was completed by a single investigator, there were no
concerns regarding inter-operator differences.

The reciprocal crevice, which was unique to the compression plate of the custommade apparatus, provided firm stabilisation of the brass tubes without having the need to
bond them to the enamel specimens (Fig. 3–6). The bevelled base of the cylindrical brass
tubes further helped to minimise the amount of surface area with which the tubes were
in contact. This allayed any potential distortional effect that may be exerted by the brass
tube on the µSBS test (Fig. 3–5). As a result, no prior removal of brass tubes was
necessitated, and no pre-test failures were observed in this study.

Dissimilar to past µSBS studies on dental adhesive materials, a customised
stainless steel shearing fixture with a novel lip configuration was used to deliver shear
force (Fig. 3–8). The lip was designed with a thickness of less than 0.1 mm, and its semicircular shape and dimensions corresponded to the bevelled base of the cylindrical brass
tubes. This enabled the shearing fixture to accurately and precisely engage with the base
of the brass tube at the bonded interface. In addition, a 3D-printed resin mounting jig
(Fig. 3–7) was used to mount and clamp enamel specimens prior to µSBS testing. It had
a non-fixated and self-manoeuvrable circular attachment, which allowed automatic
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correction of any misalignment. The amalgamation of the mounting jig, brass tube, and
the lip on the shearing fixture (Fig. 3–9) ensured that the plane of the bonded interface
was constantly parallel to the vertical vector of the shear force, and the stress was
uniformly distributed.

The overall mean µSBS values observed in this study are comparatively lower
than previously published data [19, 20, 29]. The difference in results are attributable to
the novel changes made to the microshear test methodology and associated paraphernalia.
Even though these changes have been made to ensure that true shear force is delivered,
it is imperative to further assess the performance and reliability of this novel testing
geometry via finite element analysis as well as investigate its applicability in other dental
adhesion studies. Furthermore, it is difficult to compare current findings with other MIH
in vitro studies due to the large variability in the selection of restorative materials and
dental adhesive systems, disinfecting solution, storage conditions (duration and medium),
specimen preparation techniques, and deproteinising pretreatment protocols [143-145].
These are some of the many confounding variables that may have an impact on µSBS
values.

Deproteinisation of dental enamel is still perceived as an uncommon practice in
operative dentistry, and the timing of application remains nebulous in literature [12, 20].
SEM studies evaluating the deproteinising effect of NaOCl on various types of enamel
substrates have reported increased surface roughness and better defined etching patterns
when NaOCl is used before phosphoric acid etching [146-148]. Extrapolating the
understanding of Papacarie DuoÒ gel to a hypothetical situation in which a MIH-affected
tooth with PEB and secondary caries is to be restored – it is postulated that the clinical
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workflow will first involve cavity preparation and atraumatic chemomechanical removal
of caries using Papacarie DuoÒ gel, followed by acid etching and the remaining
restorative procedure. Other non-MIH in vitro studies investigating the effect of
deproteinisation on the shear bond strength of orthodontic brackets to normal human or
bovine enamel have also corroborated the use of Papacarie DuoÒ gel as a deproteinising
agent prior to acid etching [92-94, 149]. Hence, the pretreatment protocols of the present
study were established in accordance with the experimental outcomes of previous studies.

A recent in vitro study investigating the bonding performance of universal dental
adhesives has further demonstrated a direct association between pre-test storage period
of bonded specimens and µSBS values [138]. Regardless of the etching mode of SUA, a
significant increase in enamel bond strength and improved mechanical properties were
demonstrated when microbond testing was performed 24 hours after sample bonding
procedure [138]. As the molecular interactions between hydroxyapatite and functional
monomers are time-dependent, it is posited that prolonged pre-test storage period allows
the resin-adhesive interface layer to progressively undergo post-polymerisation reaction
[138, 140]. Following this principle, bonded specimens in the present study were stored
in Milli-QÒ DDW for 24 hours prior to µSBS testing.

The cross-sectional area and dimensions of the bonded assembly as well as
loading conditions may also significantly influence bond strength [132]. Finite element
analysis of the microshear testing method has indicated that shear force may be
maximised (and tensile force minimised) by reducing the length of the resin composite
cylinder such that the length to diameter ratio (L/D) is no more than 0.35 [132]. Similarly,
the loading height (i.e., the distance of the shearing fixture from the bonded interface)
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has an inverse relationship with shear stress. Maximal shear force may be achieved when
the loading height is approximately one-tenth of the length of resin composite cylinder
[132]. In the present study, the L/D ratio was estimated to be 2.22 with a loading height
that varied between half and two-thirds the length of the resin composite bonded
assembly. This infers that shear forces may not have been maximised during the µSBS
test, thus yielding lower µSBS values.

Despite the limitations of the study, the present findings remain valid and relevant.
The efficacy of Papacarie DuoÒ gel as a deproteinising agent is well established and in
this study, it has shown great potential to improve the restorative outcomes of MIHaffected teeth. To optimise the bond strength of HE, it is recommended that Papacarie
DuoÒ gel be used as a pretreatment adjunct prior to the application of universal dental
adhesive in E&R mode. Further MIH research investigating other universal dental
adhesive systems, the timing of deproteinisation, and newer enzymatic deproteinising
agents, including papain-based Carie-Care (Uni-Biotech Pharmaceuticals Pvt. Ltd.,
Chennai, India) and bromelain, are warranted.
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3.6 Conclusions
The results of this study indicated that the bond strength of resin composite to
normal enamel and hypomineralised enamel were significantly increased when the use
of Papacarie DuoÒ gel was followed by the application of ScotchbondTM Universal
Adhesive in etch-and-rinse mode. The bond strength of resin composite to
hypomineralised enamel was consistently low when ScotchbondTM Universal Adhesive
was applied in self-etch mode, with or without deproteinising pretreatment. In addition,
Papacarie DuoÒ gel had insignificant effect on the bond strength of resin composite to
normal enamel when ScotchbondTM Universal Adhesive was applied in self-etch mode.
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Chapter 4
Fo

Scanning Electron Microscopic and Atomic
Force Microscopic Observations of
Developmentally Hypomineralised Enamel
after Surface Pretreatment

Research Study: Paper II
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4.1 Abstract
Background
Surface pretreatment of dental enamel leads to changes in its ultrastructure. This may
have a consequential impact on the adhesion of dental materials to dental enamel.

Aims
To investigate the surface morphology and nanotopography of normal enamel (NE) and
developmentally hypomineralised enamel (HE) when subjected to various pretreatment
protocols under scanning electron microscopy (SEM) and atomic force microscopy
(AFM).

Methods
Sixteen NE, 16 creamy/white (CW) HE, and 16 yellow/brown (YB) HE specimens
sectioned from extracted hypomineralised first permanent molars (FPMs) were included
in this study. They were randomly distributed into eight experimental groups with
different surface pretreatment protocols that involved the use of: (1) Papacarie DuoÒ gel
or without its use, and (2) 37% phosphoric acid etchant or ScotchbondTM Universal
Adhesive (SUA) in self-etch (SE) mode. The surface morphology and nanotopography
of pretreated enamel specimens were evaluated under SEM and AFM, respectively.

Results
SEM observation showed that deproteinisation with Papacarie DuoÒ gel before
phosphoric acid etching led to favourable etching patterns with uniform preferential
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dissolution of enamel prism cores and peripheral rods. This was consistent across all
experimental groups in spite of the type of enamel substrate and the severity of
hypomineralisation. On the contrary, AFM results identified three factors that influenced
surface parameters: (1) type of enamel substrate, (2) severity of hypomineralisation, and
(3) etching mode. YB HE obtained higher surface roughness values than CW HE and NE
when subjected to the same pretreatment protocol. Deproteinisation using Papacarie
DuoÒ gel and application of SUA in SE mode produced minimal topographic changes.
However, the use of 37% phosphoric acid etchant was associated with an increase in
surface roughness.

Conclusions
Deproteinisation with Papacarie DuoÒ gel followed by the phosphoric acid etching
contributed to profound etching patterns on HE. Phosphoric acid etching also led to an
increase in surface roughness on all types of enamel substrates.

Clinical Significance
Papacarie DuoÒ gel is an enzymatic deproteinising agent that is capable of removing
excess proteins found in HE. It has an integral role in the restorative management of
MIH-affected teeth, and it should be considered as a pretreatment adjunct prior to
phosphoric acid etching.
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4.2 Introduction
Molar Incisor Hypomineralisation (MIH) is a developmental dental defect of
systemic origin, and it describes the clinical appearance of demarcated opacities, altered
translucency, and qualitative malformations within enamel [2, 24]. The condition
invariably affects one or more FPMs with or without involvement of the permanent
incisors [1, 6]. Although the clinical characterisation and distribution of MIH are often
asymmetrical within the mouth, the colour of demarcated opacities is frequently used to
determine the severity of hypomineralisation [2, 6, 35]. A mild form of the condition
typically presents with creamy/white opacities, whereas a severe form generally
manifests as yellow/brown opacities [2, 6, 35, 36].

It has been long established that developmentally hypomineralised enamel (HE)
has a greater propensity for hypersensitivity, post-eruptive breakdown (PEB) and
secondary caries [2, 128]. With an estimated global pooled mean prevalence of 14.2%,
MIH commonly predisposes affected individuals to a vicious cycle of multiple restorative
reinterventions at high sociopsychological costs, as well as imposing a colossal economic
burden on caregivers and the healthcare system [7, 91, 128].

Despite extensive research efforts over the past decades, the restorative
management protocol of MIH-affected teeth remains a conundrum. This is attributable
to the inherent aberrations observed in the chemical properties of HE, whereby a decrease
in the concentrations of calcium (Ca) and phosphor (P), and a significant increase in
carbon and carbonate contents have been reported [14, 24, 88]. Compared with NE,
severe forms of HE with demarcated brown opacities have demonstrated a 15–21-fold
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increase in protein content while yellow and chalky white HE may exhibit up to a n 8fold increase [89]. These compositional changes undermine the structural integrity of the
affected tooth, leading to considerable limitations in the field of operative dentistry [12,
13].

Myriads of in vivo and in vitro MIH studies have investigated various restorative
management protocols using a wide spectrum of resin-based dental adhesive materials in
an attempt to improve the bonding efficacy of HE [16, 18-20, 29, 36, 118-120]. The
incorporation of a deproteinising agent, including sodium hypochlorite (NaOCl) and
papain-based Papacarie DuoÒ gel, have further emerged with promising results [19, 20].
In particular, pretreatment with Papacarie DuoÒ gel has is associated with enhanced
enamel bond strength without the risks and complications associated with the use of
NaOCl [19, 21].

The overarching drive of these studies is primarily founded upon the current
understanding of MIH and the concept of dental adhesion. The majority have largely
focused on investigating dental restorative materials and measuring research outcomes,
such as bond strengths, failure modes, retention rates and performance of restorations
[16, 18-20, 29, 36, 117-120]. However, there is a dearth of literature that has closely
scrutinised the relationship between bond strength and the surface ultrastructure of HE.
Based on the findings from past microscopic observational studies examining phosphoric
acid-etched human NE substrates, it is posited that surface morphology and
nanotopography may have an impact on enamel bond strength [122, 124, 126].
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The advent of contemporary universal dental adhesives over the past decades has
challenged the principles of adhesive dentistry [104, 116]. Adopting the “all-in-one”
principle, these products are designated as “multi-mode” or “multi-purpose” because
they can be used in three different etching modes: self-etch (SE), total etch-and-rinse
(E&R), or selective enamel etch [104-106, 116]. Although SE mode of universal dental
adhesives and some SE adhesive systems (1-step and 2-step) causes very mild dissolution
of the hydroxyapatite lattice, they are able to alter enamel surface morphology via the
exposure of enamel crystallites [150-154].

In contrast, acid etching of dental enamel causes selective demineralisation and
the removal of approximately 10µm from the outermost surface layer [155, 156]. This
gives rise to an increase in free surface energy, intercrystal porosity and surface
roughness or irregularity [124, 126, 157, 158]. These morphological changes are believed
to play a pivotal role in improving bonding effectiveness by ensuring (1) optimal surface
wettability, (2) adequate infiltration of resin monomers, and (3) sufficient resin
polymerisation [107, 108, 124, 126, 157, 158].

To date, there is yet to be a published AFM study that has quantitatively evaluated
the effect of Papacarie DuoÒ gel and different etching modes on the surface
nanotopography of HE. All published MIH in vitro studies on bond strength thus far have
routinely used SEM to qualitatively assess the surface morphology of HE [16, 19, 20, 29,
36]. Contrary to SEM, AFM is a profilometer that allows quantitative evaluation of
surface nanotopography at a higher resolution without the need for sample preparation
or sputter coating [121, 122]. It is capable of providing three-dimensional (3D)
information, including surface roughness, absolute depth profile, peak height and valley
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depth [122-124, 126]. Even though the effect which enamel surface nanotopography has
on dental adhesion has yet to be fully elucidated, it is postulated that an increase in
surface roughness leads to an increase in surface area available for bonding [124, 126,
127].

The aim of the present study was to investigate the surface morphology and
nanotopography of NE and HE substrates when subjected to various pretreatment
protocols under SEM and AFM, respectively. The following hypotheses were tested: (1)
deproteinisation using Papacarie DuoÒ gel would induce qualitative (SEM) and
quantitative (AFM) changes on the enamel surfaces of all substrates, and (2) there would
be morphological and topographic differences between phosphoric acid etching and SUA
when applied in SE mode.
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4.3 Methods and Materials
Ethics
Ethical approval and a consultation with Māori research committee were obtained as
per the supplemental study in Chapter 3.

Teeth collection
The collection of extracted hypomineralised FPMs for this study was in accordance with
that of the supplemental study in Chapter 3.

Preparation of specimens
The enamel specimens for this study were obtained and prepared following the same
process as the supplemental study in Chapter 3.

Mounting of specimens for SEM
Eight NE, 8 CW HE, and 8 YB representative specimens were meticulously
embedded in 3D-printed cylindrical resin moulds (height: 7mm, diameter: 10mm) using
cold-setting EpoFix resin. Subsequently, each specimen was assigned an arbitrary
number. This process was akin to the mounting of specimens for microshear bond
strength (µSBS) test as outlined in Chapter 3.

Mounting of specimens for AFM
Eight NE, 8 CW HE, and 8 YB HE representative specimens were centred and
firmly secured on microscopic glass slides using adhesive glue stick (UHU stic; UHU
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GmbH & Co. KG, Bühl, Germany). Similarly, each specimen was labelled with a random
number.

Identification of NE and HE substrates
In addition to the initial inspection conducted immediately after cleaning, a
second visual assessment of all 48 specimens was independently performed by the
investigator and the primary supervisor of the study. The objective of the procedure was
to validate the accuracy of the initial visual inspection. Following the same examination
conditions and MIH judgment criteria, the second visual inspection in this study was
carried out in concurrence with that of the supplemental study in Chapter 3.

Randomised allocation of specimens
Using the assigned numbers, all enamel specimens were randomised on
Microsoft ExcelÒ (Microsoft Corp., NM, USA) and proportionally distributed into eight
experimental groups, with Groups 1 and 2 being designated as control groups.

It is important to note that a large majority of the enamel specimens were
allocated for use in the supplemental study titled, “Bonding universal dental adhesive to
developmentally hypomineralised enamel”. In the present study, for each type of enamel
substrate (i.e., NE, CW HE and YB HE), two representative specimens embedded in 3Dprinted cylindrical resin moulds and two representative specimens mounted on
microscopic glass slides were selected from each experimental group for evaluations
using SEM and AFM, respectively (Table 4–1).
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Table 4–1. The number of specimens and type of enamel substrates selected from each
experimental group for AFM and SEM evaluations.
AFM
NE

CW HE

SEM
YB HE

NE

Group 1

2

2

Group 2

2

2

Group 3

2

2

Group 4

2

2

Group 5

W

2

Y
Group 6

W

W

2

Group 8

W

2
2

2
2

Y

2
2

2
2

Y

YB HE

2
2

Y
Group 7

CW HE

2
2

2

2

Surface pretreatment of specimens
The materials used in this study are shown in Table 4–2. Surface pretreatment
and application protocols for the eight experimental group are further described in Table
4–3. HE groups 5, 6, 7 and 8 are divided into subgroups of CW and YB, which are
denoted by the suffixes –W and –Y, respectively.

In groups 3, 4, 7 and 8, the enamel specimens were first deproteinised with
enzymatic Papacarie DuoÒ gel (Formula & Acao, SP, Brazil) via active application for
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60 seconds. This was followed by rinsing with copious amount of water from three-way
dental syringe for 60 seconds, and thorough drying using oil-free air for 15 seconds.

Enamel specimens in groups 2, 4, 6 and 8 were treated with 37% phosphoric acid
etchant (ScotchbondTM Multi-Purpose Etchant; 3M ESPE, St. Paul, MN, USA) for 15
seconds. Using the three-way dental syringe, etched surfaces were vigorously rinsed with
water for 30 seconds and dried with oil-free air for 15 seconds until a matt white or
frosted appearance was clinically visible.

In groups 1, 3, 5 and 7, the specimens were subjected to surface pretreatment
using ScotchbondTM Universal Adhesive (SUA) (3M ESPE, St. Paul, MN, USA) in SE
mode. Abiding by the manufacturer’s instructions, the multi-purpose adhesive system
was applied with vigorous agitation for 20 seconds and air-dried for 5 seconds to allow
the evaporation of solvent. For the purpose of investigating the ultra-mild acidic effect
of SUA on enamel surface nanotopography without the interference of its primer and
resinous constituents, the universal dental adhesive was removed with 99.5% AR grade
ethanol (Lab Supply Ltd., Dunedin, New Zealand) without photo-polymerisation [152].

After the completion of surface pretreatment, all enamel specimens were
individually placed in a bath comprising 50 mL of Milli-QÒ DDW and cleaned by
ultrasonication (Unisonics Australia Pty Ltd., NSW, Australia) for 5 minutes. This
facilitated thorough cleaning of the specimens and minimised the risk of any unwarranted
surface residuals or contamination that may affect microscopic observations under SEM
and AFM.
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Table 4–2. Materials used in the study.
Material

Main components

pH

Manufacturer

ScotchbondTM MultiPurpose Etchant

37% phosphoric acid, polyvinyl
alcohol, water

0.1

3M ESPE, St. Paul,
MN, USA

ScotchbondTM
Universal Adhesive

MDP, HEMA, dimethacrylate resins,
Vitrebond copolymer (acryl- and
itacon acid), filler, ethanol, water,
silane, photoinitiators
(ultra-mild universal dental adhesive)

2.7

3M ESPE, St. Paul,
MN, USA

Papacarie DuoÒ

Papain, chloramine, toluidine blue,
preservatives, salts, stabilisers,
thickener, deionised water

9.24

Formula & Acao,
SP, Brazil

HEMA, 2-hydroxyethyl methacrylate; MDP, 10-methacryloyloxydecyl dihydrogen phosphate

4

[97] Hamama, Yiu, Burrow, Viability of intratubular bacteria after chemomechanical caries removal.
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Table 4–3. Outline of surface pretreatment protocols and application techniques.
SE mode

E&R mode (PA etching)

No deproteinisation

Deproteinisation

No deproteinisation

Deproteinisation

Group 1

Group 5W

Group 5Y

Group 3

Group 7W

Group 7Y

Group 2

Group 6W

Group 6Y

Group 4

Group 8W

Group 8Y

NE

CW HE

YB HE

NE

CW HE

YB HE

NE

CW HE

YB HE

NE

CW HE

YB HE

SUA: single layer applied to airdried enamel surface in rubbing
motion (20 s)

Papacarie gel actively applied with
agitation (60 s)

Papacarie gel actively applied with
agitation (60 s)

Water spray (60 s)

Water spray (60 s)

Air-dried (15 s)

Air-dried (15 s)

SUA: single layer applied to airdried enamel surface in rubbing
motion (20 s)

Air-thinned with medium pressure to Air-thinned with medium pressure to
evaporate solvent in SUA (5 s)
evaporate solvent in SUA (5 s)

37% PA etch (15 s)

37% PA etch (15 s)

Water spray (30 s)

Water spray (30 s)

*No light curing

*No light curing

Thorough rinsing with 98% ethanol
to remove SUA (30 s)

Thorough rinsing with 98% ethanol
to remove SUA (30 s)

Air-dried (15 s)

Air-dried (15 s)

Air-dried (15 s)

Air-dried (15 s)

Ultrasonic clean in Milli-QÒ DDW
(5 min)

Ultrasonic clean in Milli-QÒ DDW
(5 min)

Ultrasonic clean in Milli-QÒ DDW
(5 min)

Ultrasonic clean in Milli-QÒ DDW
(5 min)

Air-dried (15 s)

Air-dried (15 s)

Air-dried (15 s)

Air-dried (15 s)

Ò

TM

PA, Phosphoric acid; Papacarie, Papacarie Duo ; SUA, Scotchbond

Universal Adhesive
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SEM observation
Surface morphology of 24 pretreated enamel specimens embedded in 3D-printed
cylindrical resin moulds were observed using SEM (Zeiss Sigma; Carl Zeiss Inc.,
Oberkocken, Germany). Prior to assessment, the samples were left at room temperature
to air-dry for 24 hours. Enamel surface of the specimens were subsequently coated with
10nm of gold palladium in a sputter-coating vacuum (Q150T; Quorum Technologies,
East Sussex, UK), and mounted onto aluminium stubs using carbon tape and carbon paint.
The specimens were qualitatively examined under magnifications up to 2000× and at an
acceleration voltage of 10 kV.

AFM observation
Surface nanotopography of 24 pretreated enamel specimens was quantitatively
analysed under AFM (Bioscope ResolveTM BioAFM; Bruker, Billerica, MA, USA).
Taking advantage of the innovative PeakForce QNMÒ technology exclusive to the
utilised AFM, the evaluation was carried out in tapping mode using antimony-doped
silicon probes (RTESPA-525; Bruker, Billerica, MA, USA).

ScanAsyst Auto Control was activated on NanoScope Analysis software (version
9.40.0.1; Bruker, Billerica, MA, USA) to warrant the consistency and quality of the
images. The integration of this feature with the inbuilt feedback loop of AFM allowed
automated adjustment of scan rate in accordance with the interaction between the probe
tip and the sample surface. In general, the scan rate ranged from 0.50–0.95 Hz. PeakForce
amplitude was further set at 150 nm, and its frequency resonated at 1 kHz.
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Each enamel specimen was evaluated and imaged at three randomly selected
areas with a predetermined scan profile size of 20 µm × 20 µm. Multiple surface plots of
the same sample helped to minimise potential measurement errors, providing a more
accurate approximation of surface nanotopography. Using the analysis software, 3D
quantitative information was generated, and the measured topographic parameters
included enamel surface roughness (Ra), maximum peak height (Rp), valley depth (Rv),
and maximum height of roughness profile (Rt) (Table 4).

Table 4–4. Description of surface topographic parameters measured in the study.
Parameter*

Description

Surface roughness (Ra)

The arithmetic average of the absolute values
of profile deviations from the mean line

Max. peak height (Rp)

The distance between the highest point and the
mean line within the defined profile area

Max. valley depth (Rv)

The distance between the deepest valley and
the mean line within the defined profile area

Max. height of roughness profile (Rt)

The vertical distance between the highest and
lowest points

*All parameters were measured in relation to the centre plane of the evaluated profile area.

Analysis of results
There was insufficient data to perform statistical analysis. However, multiple
graphs were generated to portray AFM findings on SPSS software (version 26.0.0.1; IBM,
Armonk, NY, USA), and representative SEM images were qualitatively analysed and
expounded.
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4.4 Results
SEM observation
Representative SEM images pertaining to NE, CW HE and YB HE specimens
across all experimental groups are shown in Figures 4–1 to 4–4. Different pretreatment
protocols exerted different qualitative effects on the surface morphology of dental enamel.
The enamel surfaces of all specimens, which were etched with 37% phosphoric acid,
unequivocally exhibited morphological changes (Figs. 4–2 and 4–4). Types 1, 2 and 3
(i.e., a combination of Types 1 and 2) etching patterns were observed, with varying
degrees of uniformity and dissolution. This was relative to the type of enamel substrate
and the severity of hypomineralisation.

The deproteinising process had negligible effect on NE. Preferential uniform
dissolution of enamel prism cores and/or peripheral rods, intrarod etching, and increased
interprismatic porosity were evident after phosphoric acid etching alone (Fig. 4–2a).
Dissimilar to NE, the concomitant use of Papacarie DuoÒ gel had a significant impact on
acid-etched CW HE and YB HE specimens (Figs. 4–4b and 4–4c). In the absence of a
deproteinising agent, the etching patterns of HE specimens were irregular, poorly defined
and sparsely distributed (Figs. 4–2b and 4–2c). However, the additional step of
deproteinisation prior to acid etching led to more profound etching patterns that closely
resembled those of deproteinised acid-etched NE specimens (Fig. 4–4a).

Contrary to phosphoric acid etching, surface treatment with SUA in SE mode
promoted very mild dissolution of the enamel surface (Fig. 4–1). The etching patterns of
SE mode were distinctly different from those of phosphoric acid etching, with shallow
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pits and uneven exposure of enamel crystallites in the former being most apparent.
Deproteinisation with Papacarie DuoÒ gel followed by the application of SUA in SE
mode also exerted minimal effect on the surface morphology of NE, CW HE and YB HE
specimens (Fig. 4–3).
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a

b

c

Fig. 4–1. Representative SEM micrographs depicting the morphology of enamel surface after actively applying SUA in SE mode for 20 seconds.
(a) Group 1 (NE) – mild dissolution of peripheral rods. (b) Group 5W (CW HE) – irregular exposure of enamel crystallites. (c) Group 5Y (YB
HE) – shallow pits of exposed enamel crystallites.
a

b

c

Fig. 4–2. Representative SEM micrographs showing the morphology of enamel surface after etching with 37% phosphoric acid for 15 seconds.
(a) Group 2 (NE) – classic Type 1 etching pattern with uniform preferential dissolution of enamel prism cores. (b) Group 6W (CW HE) – Type 3
etching pattern with non-uniform dissolution of enamel prism cores and peripheral rods. (c) Group 6Y (YB HE) – sparse and irregular dissolution
of peripheral rods.
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a

b

c

Fig. 4–3. Representative SEM micrographs depicting the morphology of enamel surface after deproteinising with Papacarie DuoÒ gel for 60
seconds followed by the active application of SUA in SE mode for 20 seconds. (a) Group 3 (NE) – mild etching pattern with some exposed enamel
crystallites. (6) Group 7W (CW HE) – inherent weakness within enamel (arrowed) with very mild etching pattern. (c) Group 7Y (YB HE) –
shallow pits of minimally exposed enamel crystallites.
a

b

c

Fig. 4–4. Representative SEM micrographs showing the morphology of enamel surface after deproteinising with Papacarie DuoÒ gel for 60
seconds followed by 37% phosphoric acid etching for 15 seconds. (a) Group 4 (NE) – classic type 2 etching pattern with uniform preferential
dissolution of peripheral rods. (b) Group 8W (CW HE) and (c) Group 8Y (YB HE) – sufficient removal of excess proteins led to predictable
etching patterns.
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AFM observation
Different pretreatment protocols produced different quantitative changes to the
enamel surface nanotopography of the specimens (Figs. 4–5 to 4–10). The type of enamel
substrate and the degree of hypomineralisation further played an essential role in the
determination of surface roughness (Table 4–5). The overall maximum peak height,
maximum valley depth, and maximum height of roughness profile pertaining to each
experimental group are presented in Table 4–6.

YB HE specimens from Groups 8Y were found to have the roughest enamel
surface (Ra = 440 ± 126 nm), closely followed by Group 6Y (Ra = 401 ± 97 nm) and CW
HE specimens from Group 8W (Ra = 344 ± 35 nm). In contrast, NE specimens from
Group 1 were associated with the lowest surface roughness (Ra = 119 ± 40 nm). Similar
to surface roughness outcomes, the lowest height of roughness profile was recorded on
NE specimens from Group 1 (Rt = 950 ± 415 nm). YB HE specimens from Group 6Y
had the greatest height of roughness profile (Rt = 4018 ± 769 nm), followed by Group
8Y (Rt = 3308 ± 857 nm), CW HE specimens from Group 8W (Rt = 2552 ± 277 nm) and
Group 6W (Rt = 2404 ± 741 nm).
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Table 4–5. Surface roughness (Ra) generated by various pretreatment protocols.
Mean ± SD (nm)
Ra
Group 1

119 ± 40

Group 2

254 ± 19

Group 3

129 ± 44

Group 4

257 ± 26

Group 5

Group 6

Group 7

Group 8

W

134 ± 22

Y

241 ± 61

W

307 ± 81

Y

401 ± 97

W

143 ± 33

Y

242 ± 36

W

344 ± 35

Y

440 ± 126

Fig. 4–5. Range of enamel surface roughness across all experimental groups. The circle
denotes the mean value.
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Table 4–6. The overall maximum peak height (Rp), maximum valley depth (Rv), and
maximum height of roughness profile (Rt) generated by various pretreatment protocols.
Mean ± SD (nm)
Rp

Rv

Rt

Group 1

396 ± 126

-553.5 ± 291

950 ± 415

Group 2

850 ± 137

-1063 ± 110

1913 ± 148

Group 3

437 ± 114

-530 ± 217

967 ± 295

Group 4

929 ± 140

-930 ± 155

1859 ± 214

W

463 ± 136

-569 ± 66

1031 ± 173

Y

1008 ± 317

-1138 ± 401

2146 ± 639

W

1132 ± 388

-1272 ± 393

2404 ± 741

Y

2106 ± 479

-1912 ± 648

4018 ± 769

W

461 ± 152

-633 ± 262

1095 ± 372

Y

805 ± 206

-901 ± 234

1706 ± 315

W

1192 ± 199

-1360 ± 227

2552 ± 277

Y

1442 ± 405

-1866 ± 518

3308 ± 857

Group 5

Group 6

Group 7

Group 8

Fig. 4–6. Range of maximum peak height across all experimental groups. The circle
denotes the mean value.
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Fig. 4–7. Range of maximum valley depth across all experimental groups. The circle
denotes the mean value.

Fig. 4–8. Range of maximum height of profile across all experimental groups. The circle
denotes the mean value.
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ScotchbondTM Universal Adhesive in SE mode

Group 1 (NE)

Group 5W (CW HE)

Group 5Y (YB HE)

Group 6W (CW HE)

Group 6Y (YB HE)

37% Phosphoric acid etchant

Group 2 (NE)
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Papacarie DuoÒ gel followed by ScotchbondTM Universal Adhesive in SE mode

Group 3 (NE)

Group 7W (CW HE)

Group 7Y (YB HE)

Papacarie DuoÒ gel followed by 37% Phosphoric acid etchant

Group 4 (NE)

Group 8W (CW HE)

Group 8Y (YB HE)

Fig. 4–9. Representative AFM 3D projections of enamel surface nanotopography after various pretreatment protocols. The spectrum of colours
correlates with the magnitude of peaks (light) and valleys (dark) on each specimen.
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ScotchbondTM Universal Adhesive in SE mode

Group 1 (NE)

Group 5W (CW HE)

Group 5Y (YB HE)

119

37% Phosphoric acid etch

Group 2 (NE)

Group 6W (CW HE)

Group 6Y (YB HE)
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Papacarie DuoÒ gel and ScotchbondTM Universal Adhesive in SE mode

Group 3 (NE)

Group 7W (CW HE)

Group 7Y (YB HE)

121

Papacarie DuoÒ gel and 37% Phosphoric acid etch

Group 4 (NE)

Group 8W (CW HE)

Group 8Y (YB HE)

Fig. 4–10. Representative AFM 2D images of enamel surface nanotopography after various pretreatment protocols. These are cross-sectional
images of the 3D projections shown in Figure 4–9.

122

4.5 Discussion
The overall structural integrity of MIH is inherently compromised due to
underlying qualitative aberrations [2, 159]. Irrespective of the dental adhesive system
used, it is well understood that the surplus of proteins in HE acts as a micromechanical
(physical) and chemical barrier, leading to poor etching properties and suboptimal bond
strength [19, 20, 29, 36]. It has been reported that by the age of 9 years, children with
severe MIH are approximately ten times more likely to have received dental treatment
on one or more of their FPMs than their non-affected peers, with each affected tooth
being treated twice on average [91].

These findings highlight the limitations of MIH when bonding to dental adhesive
restorations. Previous studies have indicated that adhesion to HE is attainable, but with
varying degrees of success [14, 15]. Even after prolonged phosphoric acid etching for
20–60 seconds, qualitative analysis of HE under SEM showed poor demineralisation,
interprismatic spaces and minimal intercrystal porosity within the enamel prisms [16, 17].
Abnormal etching patterns as such will lead to inadequate formation of resin tags and
poor micromechanical retention [19, 20, 29]. To address these bonding limitations, the
integration of a pretreatment protocol to remove intrinsic proteins encasing the
hydroxyapatite has been suggested [11-13, 15].

Initially introduced as a progressive technique for minimally invasive caries
removal, Papacarie DuoÒ gel is a proteolytic agent comprising a complex mixture of
papain, chloramine, toluidine blue, preservatives, salts, stabilizers, thickener and
deionised water [22, 92, 95, 96]. Even though its exact mechanism of action is yet to be
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fully understood, its main action is dependent on the presence of papain, which is an
enzyme of the cysteine proteinase group known have anti-inflammatory, bacteriostatic
and bactericidal properties [22, 95, 160]. The favourable handling properties (i.e.,
consistency and viscosity) of Papacarie DuoÒ gel are further postulated to play a pivotal
role in allowing sufficient intra- and interprismatic diffusion into dental enamel [22, 97].

Deproteinisation of dental enamel is still perceived as an unconventional practice
in operative dentistry, and its timing of application remains indeterminate. There is a lack
of general consensus regarding whether a deproteinising agent should be applied pre- or
post-etching [12, 20]. Extrapolating the understanding of Papacarie DuoÒ gel to a
hypothetical clinical scenario in which a MIH-affected tooth with PEB and secondary
caries is to be restored – it is presumed that the clinical workflow will first involve cavity
preparation and atraumatic chemomechanical removal of caries using Papacarie DuoÒ
gel, followed by acid etching and the remaining restorative process. Other non-MIH in
vitro studies investigating the effect of deproteinisation on the shear bond strength of
orthodontic brackets to normal human or bovine enamel have also corroborated the use
of Papacarie DuoÒ gel as a deproteinising agent prior to acid etching [92-94, 149].
Therefore, the pretreatment protocols of the present study were established and premised
on the experimental outcomes of previous studies.

SEM observation
There is a plethora of studies that have examined the surface morphology of NE
after phosphoric acid etching under SEM [150, 152, 161-163]. Akin to the results from
these studies, NE specimens from Groups 2 and 8 (Figs. 4–2a and 4–4a) exhibited
profound etching properties with uniform preferential dissolution of enamel prism cores
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and peripheral rods. These defining characteristics of Type 1 and Type 2 etching patterns
are associated with an increase in interprismatic and intercrystal enamel porosities,
thereby facilitating durable micromechanical retention of dental adhesive materials via
the formation of resin tags [152, 161, 162].

The use of Papacarie DuoÒ gel as an adjunct to acid etching did not produce any
additional effect on the surface morphology of NE (Fig. 4–4a). This contradicts the SEM
findings from several in vitro studies that have explored the topographic features of NE
when subjected to NaOCl deproteinisation followed by acid etching, by which improved
quality of etching pattern and increased surface roughness have been reported [146-148].
It is posited that the use of a different deproteinising agent in the present study may
account for and explicate the conflicting results. Albeit a valuable investigative tool, it is
also fundamental to understand that SEM has limited applicability in the quantitative
analysis of surface topography, particularly in the evaluation of irregular surfaces [164].

Conversely, the concurrent use of Papacarie DuoÒ gel and 37% phosphoric acid
etchant produced significant qualitative changes on HE specimens, regardless of the
severity of hypomineralisation. SEM micrographs from Groups 6W/6Y (Fig. 4–2b and
4–2c) were contrasted with those from Groups 8W/8Y (Figs. 4–4b and 4–4c), with the
latter demonstrating adequate removal of excess proteins and a remarkable amelioration
in etching patterns. This observation aligned with the results from a MIH in vitro study
that also investigated the proteolytic effect of Papacarie DuoÒ gel on HE [19]. Without
deproteinisation, the etching patterns of HE specimens were irregular, scattered and
poorly defined.
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To date, there is no published study that has qualitatively assessed the etching
patterns of universal dental adhesives on HE. Previous studies predominantly pertained
to SEM evaluations of human NE substrates that were pretreated with older generations
of 1-step and 2-step self-etching (SE) adhesive systems [152, 165-168]. It was
consistently reported that SE dental adhesives did not etch dental enamel as deeply as
phosphoric acid etchants [152, 165-167]. A laboratory study, which investigated the
application techniques of universal dental adhesives, further made similar observations
regarding the superficial depth of enamel dissolution associated with SE mode [154].

Nevertheless, the bonding efficacy of SE dental adhesives and universal adhesive
systems when applied in SE mode is not merely dependent on the aggressiveness of their
etching ability. In fact, there is no association between the depth of demineralisation and
enamel bond strength [152, 165, 166, 168, 169]. The composition of dental adhesive
systems, such as (1) the type, quantity and purity of functional monomer, (2) the type
and concentration of solvent, (3) concentration of water, (4) baseline acidity (pH), and
(5) the viscosity of the adhesive, are some of the many contributing factors that may
influence the chemical interactions with hydroxyapatite as well as the overall bond
strength [138, 165-168, 170].

NE specimens from Groups 1 and 3 (Figs. 4–1a and 4–3a) displayed mild
dissolution of enamel prism cores and peripheral rods, resulting in the exposure of
enamel crystallites. The effect of ScotchbondTM Universal Adhesive on HE specimens
was comparatively less pronounced. CW HE specimens from Groups 5W and 7W (Figs.
4–1b and 4–3b) showed very mild etching patterns whilst YB HE specimens from Groups
5Y and 7Y (Figs. 4–1c and 4–3c) had sparsely distributed shallow pits of minimally
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exposed enamel crystallites. Contrary to phosphoric acid etching, the deproteinising
process did not promote any perceptible morphological changes to the enamel surfaces
of all substrate types.

Based on the current SEM findings, the first hypothesis that deproteinisation with
Papacarie DuoÒ gel would lead to qualitative changes was partially rejected, and the
second hypothesis that phosphoric acid etching (E&R mode) and SE mode would incur
different morphological changes to enamel surfaces was affirmed.

AFM observation
The present study is the first laboratory experiment to evaluate the surface
nanotopography of HE using PeakForce Tapping technology in AFM. This tapping mode
represents a new core imaging paradigm as it is capable of generating high-resolution
topographic illustrations of delicate sample surfaces that are suspended in either air or
water. It has further shown to overcome complications related to electrostatic forces,
friction, adhesion, and other problems that are common to conventional AFM scanning
methods. Unlike contact and non-contact modes, the oscillation amplitude of the AFM
probe is maintained constant by a feedback loop during tapping mode operation. This
infers that the force exerted on the sample is automatically set and delivered at the lowest
level possible without causing damage.

In this study, Ra (arithmetic mean deviation) was chosen as the preferred
measurement parameter to characterise surface roughness [123, 126]. This is due to its
widespread use in the scientific literature, and it is not heavily influenced by noise,
surface contamination or scratches. When analysing maximum peak height (Rp),
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maximum valley depth (Rv), and maximum height of roughness profile (Rt) across all
experimental groups, it was evident that these three parameters had a positive relationship
with Ra. It could be deduced that an increase in Ra would also correspond with an increase
in Rp, Rv and Rt (Tables 4–5 and 4–6).

Quantitative changes to topographic features were found to be contingent on three
independent factors: (1) type of enamel substrate, (2) severity of hypomineralisation, and
(3) etching mode of SUA (Figs. 4–9 and 4–10). Irrespective of type of enamel substrate
and the severity of hypomineralisation, the use of Papacarie DuoÒ gel and the active
application of SUA in SE mode had negligible effects on surface nanotopography. In
contrast, enamel specimens etched with 37% phosphoric acid obtained higher surface
roughness values than those pretreated with SUA in SE mode. This finding was
congruous with past AFM studies that observed a significant increase in the surface
roughness of NE after phosphoric acid etching [124, 126]. Comparing data within the
same type of enamel substrate, it was lucid that all measured surface topographic
parameters (Ra, Rp, Rv, and Rt) for acid-etched specimens demonstrated values that were
approximately 1.5–2.5 times greater than those of self-etched specimens.

Apart from HE specimens from Groups 8W/8Y, the AFM observations were
consistent with those of SEM. Although a marked improvement in the etching patterns
of deproteinised acid-etched HE specimens was confirmed under SEM, it was interesting
to note the qualitative changes were not reflected quantitatively. The mean surface
roughness value for CW HE specimens from Group 6W was comparable with that of
Group 8W and similarly, the mean surface roughness value for YB HE specimens from
Group 6Y closely approximated that of Group 8Y.
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When subjected to the same pretreatment protocol, YB HE specimens were found
to be consistently rougher than their NE and CW HE counterparts. This may be ascribable
to the fact that YB HE specimens are more severely hypomineralised with increased
porosity, and they are typically associated with PEB when subjected to dietary challenges
and dynamic masticatory forces within the oral environment [6, 29, 159, 171]. This is
further corroborated by the fact that HE has an estimated reduction of 50–75% in
microhardness and elastic modulus values; therefore, it has a much lower resistance to
wear [14, 24]. Scrutinising the AFM results, it is predicated that YB HE with seemingly
smooth surfaces would still have undergone nanoscopic breakdown, resulting in
topographic changes that are not visually discernible with the naked eye.

Based on the current AFM findings, the first hypothesis that deproteinisation with
Papacarie DuoÒ gel would lead to quantitative changes was rejected, and the second
hypothesis that there would be topographic differences between phosphoric acid etching
(E&R mode) and SE mode of SUA was supported.

Limitations of the study
All specimens were subjected to a fixed number of polishing strokes to remove
prismless enamel prior to surface pretreatment. This was to facilitate more effective
dissolution of hydroxyapatite particularly when SUA was applied in SE mode. However,
this manual lapping process may have potentially altered the baseline surface roughness
of the enamel specimens. Furthermore, the consumption of acidic food and beverages is
reportedly associated with enamel surface loss and lower surface microhardness [172].
As the extracted teeth were collected from a group of participants, variability in the
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dietary habits of each participant is postulated to have had an impact on the baseline
surface roughness values.

Although it would have been preferred to use the same enamel specimens for both
AFM and SEM observations, the logistics of the laboratory facilities and equipment
availability meant otherwise. Despite its limitations, the present study serves as a
preliminary investigation for further research. To improve the reliability of AFM results
in future investigations, it may be advisable to use unground enamel specimens. The
surface nanotopography of each specimen should also be evaluated pre- and postintervention, thus allowing meaningful comparison in the same sample instead of
intergroup comparison.
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4.6 Conclusions
The results of this study highlighted the limitations of AFM observation and some
of the AFM data did not resonate with those of SEM. It was evident that an amelioration
in etching pattern did not necessarily equate to an increase in surface roughness.
Deproteinisation of hypomineralised enamel followed by phosphoric acid etching led to
more profound etching patterns. Papacarie DuoÒ gel appears to play a defining role in
the restorative management of MIH-affected teeth, and it should be considered as a
pretreatment adjunct before phosphoric acid etching.

131

4.7 Acknowledgements
The authors would like to thank the participants for donating their extracted teeth. SEM
laboratory support for this work was provided by Ms. Elizabeth Girvan from the Otago
Micro and Nanoscale Imaging (OMNI) unit at the University of Otago.

Funding
This work was supported by the New Zealand Dental Research Foundation and
International College of Dentists (grant reference: RF8.04 2018).

132

4.8 Conflict of Interest
The authors declare that they have no conflict of interest.

133

Chapter 5
Fo

Conclusions
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5.1 Conclusions
The primary aim of this research study was to investigate the effect of various
pretreatment protocols involving Papacarie DuoÒ gel and SUA on the µSBS of resin
composite to HE. The µSBS data were analysed and extrapolated to the microscopic
observations of HE. The investigation was divided into two experiments:
Chapter 3

Paper I titled, “Bonding universal dental adhesive to developmentally
hypomineralised enamel”

Chapter 4

Paper II titled, “Scanning electron microscopic and atomic force
microscopic observations of developmentally hypomineralised enamel
after surface pretreatment”

The first experiment in Chapter 3 investigated the µSBS of resin composite to HE
when subjected to different pretreatment protocols. Statistical analysis of the µSBS data
identified three factors that significantly influenced bond strength: (1) type of enamel
substrate, (2) use of a deproteinising agent, and (3) etching mode of SUA. The
compromised bonding efficacy of HE could be overcome with an integrated
deproteinising pretreatment using Papacarie DuoÒ gel prior to the application of SUA in
E&R mode. This pretreatment protocol led to a significant increase in bond strength for
both NE and HE. Evaluation of the debonded interface and failure modes of HE
specimens under SEM further showed an increase in mixed failures and a decrease in
cohesive failure within enamel. These findings corroborated the proteolytic effect of
Papacarie DuoÒ gel and its synergy with E&R mode of SUA.
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The second experiment in Chapter 4 investigated the surface morphology and
nanotopography of developmentally hypomineralised enamel when subjected to various
pretreatment protocols under SEM and AFM, respectively. Qualitative observation under
SEM showed a remarkable amelioration in etching pattern with uniform preferential
dissolution of enamel prism cores and/or peripheral rods when HE specimens were
subjected to Papacarie DuoÒ gel followed by 37% phosphoric acid etching. SE mode of
SUA had little effect on the surface morphology of NE and HE specimens, resulting in
sparsely distributed shallow pits of enamel crystallites.

In contrast, quantitative analysis using AFM identified three factors that
influenced surface parameters: (1) type of enamel substrate, (2) severity of
hypomineralisation, and (3) etching mode of SUA. HE measured higher surface
roughness values than NE when subjected to the same pretreatment protocol. Closely
scrutinising HE specimens, it was further evident that the severity of hypomineralisation
was directly associated with surface roughness – the more severe the hypomineralisation,
the rougher the enamel surface. In addition, phosphoric acid etching (E&R mode) led to
an increase in surface roughness. SE mode of SUA had minimal effect on the surface
nanotopography of NE and HE specimens. Interestingly, although the deproteinising
effect of Papacarie DuoÒ gel was distinctly apparent under SEM, no discernible
topographic changes were noted under AFM.

Consolidating both experimental studies for meaningful interpretation, it is
coherent that (1) the type of enamel substrate, (2) the severity of hypomineralisation, (3)
deproteinising pretreatment, and (4) etching mode of SUA are key determinants that have
a significant impact on bond strength. Although the interplay between surface
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nanotopography and bond strength remains indeterminate, enamel surface roughness
does not appear to contribute significantly to the improvement of bond strength. Based
on the findings of the present research, it is justifiable to incorporate Papacarie DuoÒ gel
into the restorative management of MIH-affected teeth. To optimise the bonding efficacy
of HE, it is recommended that Papacarie DuoÒ gel be used as a pretreatment adjunct
followed by the application of SUA in E&R mode.
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5.2 Future Investigations
The following areas have been identified as potential investigations which may help to
further elucidate the present research:
•

Investigate the effect of other universal dental adhesive systems on HE in
conjunction with Papacarie DuoÒ gel.

•

Investigate the effect of deproteinisation using Papacarie DuoÒ gel before and
after acid etching on the µSBS of resin composite to HE.

•

Investigate the effect of other enzymatic deproteinising agents, including
bromelain and papain-based Carie-Care, on the µSBS of resin composite to HE.

•

Conduct a clinical study to investigate the retention rate of adhesive restorations
on MIH-affected teeth, following a pretreatment protocol involving Papacarie
DuoÒ gel and SUA. It would also be valuable to progressively evaluate the level
of dental pain and dental anxiety reported by the participants.

•

Conduct a finite element analysis to investigate the stress distribution of the
modified microshear test methodology and associated paraphernalia.
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